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Development of Silicon Crystal Rectifiers for 
Microwave Radar Receivers 


By J. H. SCAFF and R. S. OHL 


INTRODUCTION 


“T. ) THOSE not familiar with the design of microwave radars the extei 

sive war use of recently developed crystal rectifiers! in radar receiver 
frequency converters may be surprising. In the renaissance of this once 
familiar component of early radio receiving sets there have been develop- 
ments in materials, processes, and structural design leading to vastly 
improved converters through greater sensitivity, stability, and ruggedness 
of the rectifier unit. As a result of these developments a series of crystal 
rectifiers was engineered for production in large quantities to the exacting 


electrical specifications demanded by advanced microwave techniques and 
to the mechanical requirements demanded of combat equipment 

The work on crystal rectifiers at Bell Telephone Laboratories during 
the war was a part of an extensive cooperative research and development 
program on microwave weapons. The Office of Scientific Research and 
Development, through the Radiation Laboratory at the Massachusetts 
Institute of Technology, served as the coordinating agency for work con- 
ducted at various university, government, and industrial laboratories in 
this country and as a liaison agency with British and other Allied organiza- 
tions. However, prior to the inception of this cooperative program, basix 
studies on the use of crystal rectifiers had been conducted in Bell Telephone 
Laboratories. The series of crystal rectifiers now available may thus be 
considered to be the outgrowth of work conducted in three distinct periods 
First, in the interval from 1934 to the end of 1940, devices incorporating 
point contact rectifiers came into general use in the researches in ultra- 
high-frequency and microwave communications techniques then under 


way at the Holmdel Radio Laboratories of Bell Telephone Laboratories. 


1 A crystal rectifier is an assvymmetrical, non-linear circuit element in which the seat 
rectification is immediately underneath a point contact applied to the surface of a sen 
conductor. This element is frequently called “point contact rectifier’? and “‘crysta 
tector’ also. In this papetthese terms are considered to be synonymous. 
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At that time the improvement in sensitivity of microwave receivers employ- 
ing crystal rectifiers in the frequency converters was clearly recognized, as 
were the advantages of rectifiers using silicon rather than certain well 
known minerals as the semi-conductor. In the second period, from 1941 
to 1942, the advent of important war uses for microwave devices stimulated 
increased activity in both research and development. During these years 
the pattern for the interchange of technical information on microwave 
devices through government sponsored channels was established and was 
continued through the entire period of the war. With the extensive inter 
change of information, considerable international standardization was 
achieved. In view of the urgent equipment needs of the Armed Services 
emphasis was placed on an early standardization of designs for production. 
This resulted in the first of the modern series of rectifiers, namely, the 
ceramic cartridge design later coded through the Radio Manufacturers 
Association as type 1N21. In the third period, from 1942 to the present 
time, process and design advances accruing from intensive research and 
development made possible the coding and manufacture of an extensive 
series of rectifiers all markedly superior to the original 1N21 unit. 

It is the purpose of this paper to review the work done in Bell Telephone 
Laboratories on silicon point contact rectifiers during the three periods 
mentioned above, and to discuss briefly typical properties of the rectifiers, 
several of the more important applications and the production history. 


CRYSTAL RECTIFIERS IN THE EARLY MICROWAVE RESEARCH 


The technical need for the modern crystal rectifier arose in research on 
ultra-high frequency communications techniques. Here as the frontier 
of the technically useful portion of the radio spectrum was steadily advanced 
into the microwave region, certain limitations in conventional vacuum 
tube detectors assumed increasing importance. Fundamentally, these 
limitations resulted from the large interelectrode capacitance and the 
finite time of transit of electrons between cathode and anode within the 
tubes. At the microwave frequencies (3000 megacycles and higher), they 
became of first importance. As transit time effects are virtually absent 
in point contact rectifiers, and since the capacitance is minute, it was logical 
that the utility of these devices should again be explored for laboratory use. 

The design of the point contact rectifiers used in these researches was 
dictated largely, of course, by the needs of the laboratory. Frequently 
the rectifier housing formed an integral part of the electrical circuit design 
while other structures took the form of a replaceable resistor-like cartridge. 
A variety of structures, including the modern types, arranged in chrono- 
logical sequence, are shown in the photograph, Fig. 1. In general, the 
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principal requirements of the rectifiers for laboratory use were that the 
units be sensitive, stable chemically, mechanically, ana electrically, and 


r. 





Fig. 1—Point contact rectifier structures. 1934-1943. Approximat ictual size 


that they be easily adjusted. Considering the known vagaries of the device’s 
historical counterpart, it was considered prudent to provide in the structures 
means by which the unit could be readjusted as frequently as might prove 
necessary or desirable. 
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As the properties of various semi-conductors were known to vary widely, 
an essential part of the early work was a survey of the properties of a number 
of minerals and metalloids potentially useful as rectifier materials. There 
were examined and tested approximately 100 materials, including zincite, 
molybdenite, galena, iron pyrites, silicon carbide, and silicon. Of the 
materials investigated most were found to be unsuitable for one reason 
or another, and iron pyrites and silicon were selected as having the best 
overall characteristics. The subsequent studies were then directed toward 
improving the rectifying material, the rectifying surface, the point contact 
and the mounting structure. 





Fig. 2—Rectifierinsertsand contact points for use in early 3000 megacycle converters 
Overall length of insert ;’-inch approximately 


For use at frequencies in the region of 3000 megacycles standard demount- 
able elements, consisting of rectifier ‘inserts’ and contact points, were 
developed for use in various housings or mounting blocks, depending upon 
the particular circuit requirements. The rectifier ‘‘inserts’’ consisted of 
small wafers of iron pyrite or silicon, soldered to hexagonal brass studs as 
shown in Fig. 2a. In these devices the surface of the semi-conductor was 
prepared by grinding, polishing, and etching to develop good rectification 
characteristics. Our knowledge of the metallurgy of silicon had advanced 
by this time to the stage where a uniformly active rectifier surface could 
be produced and searching for active spots was not necessary. Further- 
more, it was possible to prepare inserts of a positive or negative variety, 
signifying that the easy direction of current flow was obtained with the 
silicon positive with respect to the point or vice versa. Owing to a greater 
nonlinearity of the current voltage characteristic, the n-type or negative 
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insert tended to give better performance as microwave converters while 
the p-type, or positive insert, because of greater sensitivity at low voltages, 
proved to be more useful in test equipment such as resonance indicators in 


frequency meters. In certain instances also, it was advantageous for the 


l 


i itil 


designer to be able to choose the polarity best suited to his circuit desigi 
In contrast, however, to the striking uniformity obtained with the silicor 
processed in the laboratory, the pyrite inserts were very non-uniform. 
Active rectification spots on these natural mineral specimens could be 
found only by tediously searching the surface of the specimen. More 
over, rectifiers employing the pyrite inserts showed a greater variatio1 
properties with frequency than those in which silicon was used 

In addition to providing a satisfactory semi-conductor, it was necessary 
also to develop suitable materials for use as point contacts. For this use 
metals were required which had satisfactory rectification characteristics 
with respect to silicon or pyrites and sufficient hardness so that excessive 
contact areas were not obtained at the contact pressures employed in the 
rectifier assembly. The metals finally chosen were a platinum-iridium 
alloy and tungsten, which in some cases was coated with a gold alloy 
These were employed in the form of a tine wire spot welded to a suitable 
spring member. The spring members themselves were usually of a wedge 
shaped cantilever design and were made from coin silver to facilitate ele 
trical connection to the spring. Several contact springs of two typical 
designs are shown in the photograph, Figs. 2b and 2c. 

A typical mounting block arranged for use with the inserts and points 
is shown in Fig. 1 (1940) and in Fig. 3. This block was so constructed that 
it could be inserted in a 70 ohm coaxial line without introducing serious 
discontinuities in the line. The contact point of the rectifier was assembled 
in the block to be ele trically connected to the central conductor of the 
coaxial radio frequency input fitting, while the crystal insert screwed into 
a tapered brass pin electrically connected to the central conductor of the 
coaxial intermediate frequency and d-c output fitting. The tapered pin 
fitted tightly into a tapered hole in a supporting brass cylinder, but was 
insulated from the cylinder by a few turns of polystyrene tape several 
thousandths of an inch thick. This central pin was thus one terminal of a 
coaxial high-frequency by-pass condenser. The capacitance of this con 
denser depended upon the general nature of the circuits in which the block 
was to be used, and was generally about 15 mmfs. The arrangement of 
the point, the crystal insert and their respective supporting members was 
such that the point contact could be made to engage the surface of the 
silicon at any spot and at the contact pressure desired and thereafter be 
clamped firmly in a fixed position by set screws. Typical direct current 
characteristics of the positive and negative silicon inserts and of pyrite 


inserts assembled and adjusted in this mounting block are shown in Fig. 4 
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Fig. 3—Schematic diagram of one of the early crystal converter blocks. 


The inserts and points in appropriate mounting blocks were widely used 
in centimeter wave investigations prior to 1940.2. The principal laboratory 
uses were in frequency converter circuits in receivers, and as radio fre- 


2G. C. Southworth and A. P. King, ‘‘Metal Horns as Directive Receivers of Ultra- 
Short Waves,” Proc. I. R. E. v. 27, pp. 95-102, 1939; Carl R. Englund, “Dielectric Con- 
stants and Power Factors at Centimeter Wave Lengths,” Bell Sys. Tech. Jour., v. 23, pp. 
114-129, 1944; Brainerd, Koehler, Reich, and Woodruff, “Ultra High Frequency Tech- 
niques,” D. Van Nostrand Co., Inc., 250-4th Avenue, New York, 1942 
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quency instrument rectifiers. They were also used to a relatively minot 
extent in some of the early radar test equipment. Moreover, the aval 

ability of these devices and the knowledge of their properties as microwave 
converters tended to focus attention on the potentialities of radar designs 
employing crystal rectifiers in the receiver's frequency converter. Similarly, 


the techniques established for preparation of the inserts tended to orie1 
| | 





subsequent manufacturing process developments. For example, the 
methods now generally used for preparing silicon ingots, for ting the 
rectifying element from the ingot with diamond saws, and for forming the 
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Fig. 4—Direct-current characteristics of silicon and iron pyrite rectifiers 


fabricated as inserts, 1939 


back contact to the rectifying element by electroplating procedures, are 


still essentially similar to the techniques used for preparing the inserts i 
1939. As a contribution to the defense research effort, this basic informa 
tion, with various samples and experimental assemblies, was made available 
to governmental agencies for dissemination to authorized domestic and 


foreign research establishments. 


DEVELOPMENT OF THE CERAMIC TYPE CARTRIDGE STRUCTUR 


The block rectifier structure previously described was well adapted to 
various laboratory needs because of its flexibility, but for large scale utiliza 
tion certain limitations are evident. Not only was it necessary that the 


parts be accurately machined, but also the adjustment of the rectifier 
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the block structure required considerable skill. With recognition of the 
military importance of silicon crystal rectifiers, effort was intensified in 
the development of standardized structures suitable for commercial pro- 
duction. 

In the 1940-1941 period, contributions to the design of silicon crystal 
rectifiers were made by British workers as a part of their development of 
new military implements. For these projected military uses, the problem 
of replacement and interchangeability assumed added importance. The 
design trend was, therefore, towards the development of a cartridge type 
structure with the electrical adjustment fixed during manufacture, so that 
the unit could be replaced easily in the same manner as vacuum tubes. 

In the latter part of 1941 preliminary information was received in this 
country through National Defense Research Committee channels on a 
rectifier design originating in the laboratories of the British Thomson- 
Houston Co., Ltd. A parallel development of a similar device was begun 
in various American laboratories, including the Radiation Laboratory at 
the Massachusetts Institute of Technology, and Bell Telephone Labora- 
tories. In the work at Bell Laboratories, emphasis was placed both on 
development of a structure similar to the British design and on explora- 
tion and test of various new structures which retained the features of 
socket interchangeability but which were improved mechanically and 
elec trically. 

In the work on the ceramic cartridge, the external features of the British 
design were retained for reasons of mechanical standardization but a number 
of changes in process and design were made both to improve performance 
and to simplify manufacture. To mention a few, the position of the silicon 
wafer and the contact point were interchanged because measurements 
indicated that an improvement in performance could thereby be obtained. 
To obviate the necessity for searching for active spots on the surface of 
the silicon and to improve performance, fused high purity silicon was 
substituted for the “commercial” silicon then employed by the British. 
The rectifying element was cut from the ingots by diamond saws, and 
carefully polished and etched to develop optimum rectification character- 
istics. Similar improvements were made in the preparation of the point 
or “cats whisker”’, replacing hand operations by machine techniques. To 
protect the unit from mechanical shock and the ingress of moisture, a special 
impregnating compound was developed which was completely satisfactory 
even under conditions of rapid changes in temperature from —40° to + 70°C. 
All such improvements were directed towards improving quality and 
establishing techniques for mass production. 

In this early work time was at a premium because of the need for prompt 
standardization of the design in order that radar system designs might in 
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turn be standardized, and that manufacturing facilities might be established 
to supply adequate quantities of the device. The development and initial 
production of the device was accomplished in a short period of time. This 
was possible because process experience had been acquired in the insert 
development, and centimeter wave measurements techniques and facilities 
were then available to measure the characteristics of experimental units 


at the operating frequency. By December 1941, a pattern of manufacturing 


I 
techniques had been established so that production by the Western Electric 
Company began shortly thereafter. This is believed to have been the 
first commercial production of the device in this country 

As a result of the basic information on centimeter wave measurements 
techniques which was available from earlier microwave research at th 
Holmdel Radio Laboratory, it was possible also, at this early date, to 
propose to the Armed Services that each unit be required to pass an ac 
ceptance test consisting of measurement of the operating characteristics 


at the intended operating frequency. This plan was adopted and standard 


test methods devised for production testing. Considering the complexity 
of centimeter wave measurements, this was an accomplishment of some 
magnitude and was of first importance to the Armed Services because it 
assured by direct measurement that each unit would be satisfactory for 
field use. 

The cartridge structure resulting from these developments and meeting 
the international dimensional standards is shown in Fig. 5. It consists 
of two metal terminals separated by an internally threaded ceramic insu 
lator. The rectifying element itself consists of a small piece of silicon (p 
type) soldered to the lower metal terminal or base. The contact spring or 
“cats whisker” is soldered into a cylindrical brass pin which slides freely 
into an axial hole in the upper terminal and may be locked in any desired 
position by set screws. The spring itself is made from tungsten wire of an 
appropriate size, formed into an S shape. The free end of the wire, which 
in a finished unit engages the surface of the silicon and establishes rectifica 
tion, is formed to a cone-shaped configuration in order that ihe area of 
contact may be held at the desired low value. 

The silicon elements used in the rectifiers are prepared from ingots of 
fused high purity silicon. Alloying additions are made to the melt when 
required to adjust the electrical resistivity of the silicon to the value desired 
The ingots are then cut and the silicon surfaces prepared and cut into small 
pieces approximately 0.05 inch square and 0.02 inch thick suitable for use 
in the rectifiers. The contact springs are made from tungsten wire, gold 
plated to facilitate soldering. Depending upon the application, the wires 
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may be 0.005 inch, 0.0085 inch, or 0.010 inch in diameter. After forming 
the spring to the desired shape, the tip is formed electrolytically. 

In assembling the rectifier cartridge, the two end terminals, consisting 
of the base with the silicon element soldered to it, and the top detail con- 
taining the contact spring, are threaded into the ceramic tube so that the 
free end of the spring does not engage the silicon surface. An adhesive 


7 
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Fig. 5—Ceramic cartridge rectifier structure and parts. 
Overall length of assembled rectifier isapproximately {inch. 


is employed to secure the parts firmly to the ceramic. The rectifier is then 
“adjusted” by bringing the point into engagement with the silicon surface 
and establishing optimum electrical characteristics. Finally the unit is 
impregnated with a special compound to protect it from moisture and from 
damage by mechanical shock. Units so prepared are then ready for the 
final electrical tests. 

The adjustment of the rectifier is an interesting operation for at this 
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stage in the process the rectification action is developed, and to a considerable 
degree, controlled. If the point is brought into contact with the silicon 
surface and a small compressional deflection applied to the spring, direct- 
current measurements will show a moderate rectification represented by 
the passage of more current at a given voltage in the forward direction than 
in the reverse. If the side of the unit is now tapped sharply by means of 
a small hammer, the forward current will be increased, and, at the same 
time, the reverse current decreased.* With successive blows the reverse 
current is reduced rapidly to a constant low value while the forward current 
increases, but at a diminishing rate, until it also becomes relatively constant. 
The magnitude of the changes produced by this simple operation is rather 
surprising. The reverse current at one volt seldom decreases by less than a 
factor of 10 and frequently decreases by as much as a factor of 100, while 
the forward current at one volt increases by a factor of 10. Paralleling 
these changes are improvements in the high-frequency properties, the 
conversion loss and noise both being reduced. The tapping operation is 
not a haphazard searching for better rectifying spots, for with a given 
silicon material and mechanical assembly the reaction of each unit to tapping 
is regular, systematic and reproducible. The condition of the silicon surface 
also has a pronounced bearing on “‘tappability” for by modifications of 
the surface it is possible to produce, at will, materials sensitive or insensitive 
in their reaction to the tapping blows. 

In the development of the compounds for filling the rectifier, special 
problems were met. For example, storage of the units for long periods 
of time under either arctic or tropical conditions was to be expected. Also, 
for use in air-borne radars operating at high altitudes, where equipment 
might be operated after a long idle period, it was necessary that the units 
be capable of withstanding rapid heating from very low temperatures. 
The temperature range specified was from —40° to +70°C. Most organi: 
materials normally solid at room temperature, as the hydrocarbon waxes, 
are completely unsuitable, as the excessive contraction which occurs at 
low temperatures is sufficient to shift the contact point and upset the precise 
adjustment of the spring. Nor are liquids satisfactory because of their 
tendency to seep from the unit. However, special gel fillers, consisting 
of a wax dispersed in a hydrocarbon oil, were devised in Bell Telephone 
Laboratories to meet the requirements, and were successfully applied by 
the leading manufacturers of crystal rectifiers in this country. Materials 
of a similar nature, though somewhat different in composition, were also 
used subsequently in Britain. Further improvements in these compounds 


} 


have been made recently, extending the temperature range 10°C at low 


§ Southworth and King; loc. cit. 
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temperatures and about 30°C at high temperatures in response to the design 
trend towards operation of the units at higher temperatures. The units 
employing this compound may, if desired, be repeatedly heated and cooled 
rapidly between —S50°C and +100°C without damage. 

Use of the impregnating compound not only improves mechanical stability 
but prevents ingress or absorption of moisture. Increase of humidity 
would subject the unit not only to changes in electrical properties such as 
variation in the radio frequency impedance, but also to serious corrosion, 
for the galvanic couple at the junction would support rapid corrosion of the 
metal point. In fact, with condensed moisture present in unfilled units 
corrosion can be observed in 48 hours. For this reason alone, the develop- 
ment of a satisfactory filling compound was an important step in the suc- 
cessful utilization of the units by the Armed Services under diverse and 
drastic field conditions. 





TABLE I 
Shelf Aging Data on Silicon Crystal Rectifiers of the Ceramic Cartridge Design 
: ' Values After 
Initial Values Storage for 7 Months 
st Age t Conversion Noise Conversion Noise 
Loss Ratio Loss Ratio 
Median Median median median 
L N, L 
db ib db db 
75°] 65°>% Relative Humidity 6.8 3.9 6.7 4.3 
110°F. 95°; Relative Humidity 6.9 3.9 6.9 4.3 
40°C 7.0 3.9 6.8 3.9 


The large improvement in stability achieved in the present device as 
compared with the older crystal detectors may be attributed to the design 
of the contact spring, correct alignment of parts in manufacture and to 
the practice of filling the cavity in the unit with the gel developed for this 
purpose. Considering the apparently delicate construction of the device, 
the stability to mechanical or thermal shock achieved by these means is 
little short of spectacular. Standard tests consist of dropping the unit 
three feet to a wood surface, immersing in water, and of rapidly heating 
from —40 to 70°C. None of these tests impairs the quality of the unit. 
Similarly the unit will withstand storage for long periods of time under 
adverse conditions. Table I summarizes the results of tests on units 
which were stored for approximately one year under arctic (— 40°), tropical 
(114°F—95°%, relative humidity), and temperate conditions. Though 
minor changes in the electrical characteristics were noted in the accelerated 
tropical test, none of the units was inoperative after this drastic treatment. 
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DEVELOPMENT OF THE SHIELDED RECTIFIER STRUCTURI 


Rectifiers of the ceramic cartridge design, though manufactured in very 
large quantities and widely and successfully used in military apparatus, 
have certain well recognized limitations. For example, they may be ac- 
cidentally damaged by discharge of static electricity through the small 
point contact in the course of routine handling. If one terminal of the 
unit is held in the hand and the other terminal grounded, any charge which 
may have accumulated will be discharged through the small contact. 
Since such static charges result in potential differences of several thousand 
volts it is understandable that the unit might suffer damage from the dis 
charge. Although damage from this cause may be avoided by following 
a few simple precautions in handling, the fact that such precautions are 
needed constitutes a disadvantage of the design. 

Certain manufacturing difficulties are also associated with the use of 
the threaded insulator. The problem of thread fit requires constant 
attention. Lack of squareness at the end of the ceramic cylinder or lack 
of concentricity in the threaded hole tends to cause an undesirable eccen 
tricity or angularity in the assembled unit which can be minimized only by 
rigid inspection of parts and of final assemblies. At the higher frequencies 
(10,000 megacycles), uniformity in electrical properties, notably the radio 
frequency impedance, requires exceedingly close control of the interna 
mechanical dimensions. In the cartridge structure where the terminal 
connections are separated by a ceramic insulating member, the additive 
variations of the component parts make close dimensional control inherently 
difficult. 

To eliminate these difficulties the shielded structure, shown in Fig. 6, 
was developed. In this design the rectifier terminates a small coaxial 
line. The central conductor of the line, forming one terminal of the rec 
tifier, is molded into an insulating cylinder of silica-filled bakelite, and 
has spot welded to it a 0.002-inch diameter tungsten wire spring of an 
offset C design. The free end of the spring is cone shaped. The rectifying 
element is soldered to a small brass disk. Both the disk, holding the 
rectifying element, and the bakelite cylinder, holding the point, are force 
fits in the sleeve which forms the outer conductor of the rectifier. By 


} 


locating the bakelite cylinder within the sleeve so that the free end of tl 


( 
central conductor is recessed in the sleeve, the unit is effectively protected 
from accidental static damage as long as the holder or socket into which 
the unit fits is so designed that the sleeve establishes electrical contact wit! 
the equipment at ground potential before the central conductor. The 
sleeve also shields the rectifying contact from effects of stray radiation 

The radio frequency impedance of the shielded unit can be varied within 
certain limits by modifying the diameter of the central conductor. For 
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example, in the 1N26 unit, which was designed for use at frequencies in 
the region of 24,000 megacycles, a small metal slug fitting over the central 
conductor makes it possible to match a coaxial line having a 65-ohm surge 
impedance. For certain circumstances this modification in design is 
advantageous, while in others it is a disadvantage because the matching 


slug is effective only over a narrow range of frequencies. 
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Fig. 6—Shielded rectifier structure and parts. Overall length of assembled rectifier is 
approximately ¢ inch 


Phe shielded structure was developed in 1942 and since it was of a sim- 
plified design with reduced hazard of static damage, it was proposed to the 
Armed Services for standardization in June of that year. However, because 
of the urgency of freezing the design of various radars and because the 
British had already standardized on the outline dimensions of the ceramic 
type cartridge, Fig. 5, the Services did not consider it advantageous to 
standardize the new structure when first proposed. In deference to this 


international standardization program, plans for the manufacture of this 
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structure were held in abeyance during 1942 and 1943. However, 


opportunity for realizing the advantages inherent in the shielded design 
was afforded later in the war and a sufficient quantity of the units was pri 
duced to demonstrate its soundness. As anti ipated from the constr 

tional features, marked uniformity of electrical properties was obtaine: 


Types, APPLICATIONS, AND OPERATING CHARACTERISTICS 


Various rectifier codes, engineered for specitic military uses, were mat 
factured by Western Electric Company during the war. These are liste 


in Table Il. The units are designated by RMA type numbers, as 1N21 


1N23, etc., depending upon their properties and the intended use. Lette 
suffixes, as 1N23A, 1N23B, indicate successively more stringent perform 
ance requirements as reflected in lower allowable maxima in loss and nois¢ 


ratio, and, usually, more stringent power proof-tests. In general, different 


codes are provided for operation in the various operating frequency ranges 


lor example, the 1N23 series is tested at 10,000 megacycles while the 1N21 
series is tested at 3,000 megacycles and the 1N25 at 1000 megacycles, 
approximately. Since higher transmitter powers are frequently employed 


at the lower frequencies, somewhat greater power handling ability is provided 


in units for operation in this range. 


One of the more important uses of silicon crystal rectifiers in military 


equipment was in the frequency converter or first detector in superheter- 
odyne radar receivers. This utilization was universal in microwave re- 


ceivers. In this application the crystal rectifier serves as the non-linear 


circuit element required to generate the difference (intermediate) frequency 
between the radio frequency signal and the local oscillator. The inter 


mediate frequency thus obtained is then amplified and detected in conver 
| 


tional circuits. As the crystal rectifier is normally used at that point in 


the receiving circuit where the signal level is at its lowest value, its perform 
ance in the converter has a direct bearing on the overall system performance 
It was for this reason that continued improvements in the performance o 
crystal rectifiers were of such importance to the war effort 


; 


I 


For the converter application, the signal-to-noise properties of the unit 


“1 ] 


at the operating frequency, the power handling ability, and the uniformity 


of impedance are important factors. The signal-to-noise properties are 


measured as conversion loss and noise ratio. The loss, L, is the ratio of 


the available radio frequency signal input power to the available inter 
mediate frequency output power, usually expressed in decibels. The 
noise ratio, Np, is the ratio of crystal output noise power to thermal (KTB 


noise power. The loss and noise ratio are fundamental properties of the 
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& 
Fig. 7—Converter for wave guide circuits as installed in the radio frequency unit of 
the AN/APQ13 radarsystem. This was standard equipment in B-29 bombers f 


radar bombing and navigation 
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converter. From these data and other circuit constants, the designer may 
calculate* expected receiver performance. 

For operation as converters,’ crystal rectifiers are employed in suitable 
holders. These may be arranged for use with either coaxial line or wave 
guide circuits, depending upon the application. Figure 7 shows a converter 
for wave guide circuits installed in the radio frequency unit of an air-borne 
radar system. A typical converter designed for use with coaxial lines is 
shown in the photograph Fig. 8. A schematic circuit of this converter 
is shown in Fig. 9. In such circuits the best signal-to-noise ratio is realized 
when an optimum amount of beating oscillator power is supplied. The 
optimum power depends, in part, on tue properties of the rectifier itself, 
and, in part, on other circuit factors as the noise figure of the intermediate 





Fig. 8—Converter for use at 3000 megacycles. The crystal rectifier is located 
adjacent to its socket in the converter. 


frequency amplifier. For a well designed intermediate frequency amplifier 
with a noise figure of about 5 decibels, the optimum beating oscillator 
power is such that between 0.5 and 2.0 milliamperes of rectified current 
flows through the rectifier unit. Under these conditions and with the unit 
matched to the radio frequency line, the beating oscillator power absorbed 
by the unit is about one milliwatt. For intermediate frequency amplifiers 


‘The quantities L and NR are related to receiver performance by the relationship 
FR = L(NR — 1+ FIP) 

where FR is the receiver noise figure and F7F is the noise figure of the intermediate fre- 
quency amplifier. All terms are expressed as power ratios. A rigorous definition of 
receiver noise figure has been given by H. T. Friis “Noise Figures of Radio Receivers,” 
Proc. I. R. E., vol. 32, pp. 419-422; July, 1944 

'C. F. Edwards, “Microwave Converters,” presented orally at the Winter Technical 
Meeting of the J. R. E., January 1946 and submitted to the 7. R. E. for publication. 
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with poorer noise figures, the drive for optimum performance is higher 
than the figures cited above. Conversely, for intermediate frequency 
amplifiers with exceptionally low noise figures, optimum performance is 
obtained with lower values of beating oscillator drive. If desired, somewhat 
higher currents than 2.0 milliamperes may be employed without damage 
to the crystal. 

The impedance at the terminals of a converter us.ng crystal rectifiers, 
both at radio and intermediate frequencies, is a function not only of the 
rectifier unit, but also of the circuit in which the unit is used and of the 


















NPUT 


COUPLING 





SIGNAL 
NPUT 











Fig. 9—Schematic diagram of crystal converter 


power level at which it is operated. Consequently the specification of an 
impedance for a crystal rectifier is of significance only in terms of the circuit 
in which it is measured. Since the converters used in the production testing 
of crystal rectifiers are not necessarily the same as those used in the field, 
and since in addition there are frequently several converter designs for 
the same type of unit, a specification of crystal rectifier impedance in pro- 
duction testing can do little more than select units which have the same 
impedance characteristic in the production test converter. The impedances 
at the terminals of two converters of different design but using the same 
crystal rectifier may vary by a factor of 3 or even more, with the inter- 
mediate frequency impedance generally varying more drastically than the 
radio frequency impedance. The variation is also a function of the con- 
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version loss. Crystals with large conversion losses are less susceptible 
to impedance changes from reactions in the radio frequency circuit than are 


low conversion loss units. 

rhe level of power to which the rectifiers can be subjected depends upon 
the way in which the power is applied. The application of an excessive 
amount of power or energy results in the electrical destruction of the unit 
by rupture of the rectifying material. Experimental evidence indicates 
that the electrical failure may be in one of three categories. The total 
energy of an applied pulse is responsible for the impairment when the 
pulse length is shorter than 10~* seconds, the approximate thermal time 
constant of the crystal rectifier as given by both measurement and calcula- 
tion. For pulse lengths of the order of 10~* seconds the peak power in the 
pulse is the determining factor, and for continuous wave operation the 
limitation is in the average power. 

In performance tests in manufacture all units for which burnout tolerances 
are specified are subjected to proof-tests at levels generally comparable 
with those which the unit may occasionally be expected to withstand in 
actual use, but greater than those to be employed as a design maximum. 
The power or energy is applied to the unit in one of two types of proof-test 
equipment. The multiple, long time constant (of the order of 10~° seconds) 
pulse test is applied to simulate the plateau part of a radar pulse reaching 
the crystal through the gas discharge transmit-receive switch.’ This test 
uses an artificial line of appropriate impedance triggered at a_ selected 
repetition rate for a determined length of time. The power available to 
the unit is computed from the usual formula, 


) 


where ? is the power in watts, V is the potential in volts to which the pulse 
generator is charged, and Z is the impedance in ohms of the pulse generator. 
im general, where this test is employed, a line is used which matches the 
impedance of the unit under test at the specified voltage. 

The second type of test is the single discharge of a coaxial line through 
the unit to simulate a radar pulse spike reaching the crystal before the 
transmit-receive switch fires. The pulse length is of the order of 10~° 
second. The energy in the test spike may be computed from the relation 


— 
E = -—C!l, 
where £ is the energy in ergs, C the capacity of the coaxial! line in farads, 
and V the potential in volts to which the line is charged. 


6A. L. Samuel, J. W. Clark, and W. W. Mumford, ‘“‘The Gas Discharge Transmit 
Receive Switch,” Bell Sys. Tech. Jour., v. 25 No. 1, pp. 48-101, Jan. 1946 
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Specification proof-test levels are, of course, not design criteria. Since 
the units are generally used in combination with protective devices, such 
as the transmit-receive switch, it is necessary to conduct tests in the circuits 
of interest to establish satisfactory operating levels. 

In general, however, the units may be expected to carry, without deteriora- 
tion, energy of the order of a third of that used in the single d-c spike proof 
test or peak powers of a magnitude comparable with that used in the multiple 
flat-top d-c pulse proof-test. The upper limit for applied continuous wave 
signals has not been determined accurately, but, in general, rectified currents 
below 10 milliamperes are not harmful when the self bias is less than a few 
tenths of a volt. 

The service life of a crystal rectifier will depend completely upon the 
conditions under which it is operated and should be quite long when its 
ratings are not exceeded. During the war, careful engineering tests con 
ducted on units operating as first detectors in certain radar systems revealed 
no impairment in the signal-to-noise performance after operation for several 
hundred hours. A small group of 1N21B units showed only minor impair- 
ments when operated in laboratory tests for 100 hours with pulse powers 
(3000 megacycles) up to 4+ watts peak available to the unit under test 

Another important military application of silicon crystal rectifiers was 
as low-power radio frequency rectifiers for use in wave meters or other 
items of radar test equipment. Here the rectification properties of the 
unit at the operating frequency are of primary interest. Since units which 
are satisfactory as converters also function satisfactorily as high-frequency 
rectifiers special types were not required for this application. 

Units were also used in military equipment as detectors to derive directly 
the envelope of a radio frequency signal received at low power levels. 
These signals were modulated usually in the video range. The low-level 
performance is a function of the resistance at low voltages and the direct 
current output for a given low-power radio frequency input. These may 
be combined to derive a figure of merit which is a measure of receiver 
performance.’ 

Typical direct-current characteristics of the silicon rectifiers at tempera 
tures of —40°, 25° and 70°C are given in Fig. 10. It wall be noted in these 
curves that both the forward and reverse currents are decreased by reducing 
the temperature and increased by raising the temperature. The reverse 
current changes more rapidly with temperature than the forward current, 
however, so that the rectification ratio is improved by reducing the tempera 
ture, and impaired by raising the temperature. The data shown are for 
typical units of the converter type. It should be emphasized, however, 


7 R. Beringer, Radiation Laboratory Report No. 61-15, March 16, 1943 
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that by changes in processing routines the direct-current characteristi: 
shown in Fig. 10 may be modified in a predictable manner, particular! 


] 


with respect to absolute values of forward current at a particular voltage 


MODERN RECTIFIER PROCESSES 


When the development of the type 1N21 unit was undertaken, the scier 
tific and engineering information at hand was insufficient to permit inter 
tional alteration or improvement in electrical properties of the rectifier 
In these early units, the control of the radio frequency impedance, power 
handlir 


g ability and signal-to-noise ratio left much to be desired. Withii 
a short time, some improvements in performance were realized by process 
improvements such as the elimination of burrs and irregularities from th 
point contact to reduce noise. Substantial improvements were not obtained, 








Fig. 10—Direct-current characteristics of P-type silicon crystal rectifier at 
various temperatures 


however, until certain improved materials, processes, and techniques were 
developed. 

In the engineering development of improved crystal rectifier materials 
and processes, basic data have been acquired which make it possible to 
alter the properties of the rectifier in a predictable manner so that the units 
may now be engineered to the specific electrical requirements desired by 
the circuit designer in much the same manner as are modern electron tubes. 
his has led not only to improvements in performance but also to a diver- 
sification in types and applications. 

The simplified equivalent circuit for the point contact rectifier, shown 
in Fig. 11, provides a basis for consideration of the various process features. 
In Fig. 11, Cg represents the electrical capacitance at the boundary between 
the point contact and the semi-conductor, R» the non-linear resistance at 
this boundary, and Rg is the spreading resistance of the semi-conductor 
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proper, that is the total ohmic resistance of the silicon to current through 
the point. The capacitance Cy, being shunted across the rectifying bound 
ary, decreases the efficiency of the device by its by-pass action because the 
current through it would be dissipated as heat in the resistance Rs. Losses 
from this source increase rapidly with increased frequency because of the 
enhanced by-pass action. It would appear, therefore, that to improve eth 
ciency it would be important to minimize both Rs and C, by some method 


i 


such as reducing the area of the rectifying contact and lowering the body 
resistance of the silicon employed. For a given silicon material, the imped 
ances desired for reasons of circuitry and considerations of mechanical stability 
place a limit on the extent to which performance may be improved by 
reducing the contact area. Rs may be reduced by using silicon of lower 
resistivity, but this generally results in poorer rectification. This impair 
ment is due apparently to some subtle change in the properties of the 
rectifying junction resulting from decreasing the specific resistance of the 
silicon material. 


Rp (NON-LINEAR 


BARRIER RESISTANCE) 





A A 














B 
(BARRIER APA 


Fig. 11—-Simplified equivalent circuit of crystal rectifier. 


The answer to this apparent dilemma lies in the application of an oxidizing 
heat treatment to the surface of the semi-conductor. This process derives 
from researches conducted independently in this country and in Britain, 
though there was considerable interchange of information between various 
interested laboratories. In the oxidizing treatment, apparently the im- 
purities in the silicon which contribute to its conductivity diffuse into the 
adhering silica film, thereby depleting impurities from the surface of the 
silicon. When the oxide layer is then removed by solution in dilute hydro- 
fluoric acid, the underlying silicon layer is exposed and remains intact as 
the acid does not readily attack the silicon itself. 

Since decreasing the impurity content of a semi-conductor increases its 
resistivity, the silicon surface has higher resistivity after the oxidizing 
treatment than before. Thus by oxidation of the surface of low resistance 
silicon it is possible to secure the enhanced rectification associated with 
the high resistance surface layer, while by virtue of the lower resistivity 
of the underlying material the /°R losses through Rs are reduced 
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In actual practice the properties of the rectifier are governed by th: 
resistivity of the silicon material, the contact area, and the degree of oxida 
tion of the surface. By the controlled alteration of these factors unit 
may be engineered for specific applications. The body resistance of the 
silicon is controlled by the kind and quantity of the impurities present 
Aluminum, beryllium or boron may be added to purified silicon to reduc 
its resistivity to the desired level. Boron is especially effective for this 
purpose, the quantity added usually being less than 0.01 per cent. As little 
as 0.001 per cent has a very pronounced effect upon the electrical properties 
The contact area is determined by the design of contact spring employed 
and the deflection applied to it in the adjustment of the rectifier. The 
degree of oxidation is controlled by the time and temperature of the treat 
ment and the atmosphere employed. 

In the development of the present rectifier processes, certain experimental 
relationships were obtained between the performance and the contact area 
on the one hand, and the power handling ability and contact area on the 
other. These show the manner in which the processes should be changed 
to produce a desired change in properties. For example, Fig. 12 shows the 
relationship between the spring deflection applied to a unit and the conver- 
sion loss at a given frequency. The apparent contact area, (i.e., the area of 
the flattened tip of the spring in contact with the silicon surface, as measured 
microscopically) also increases with increasing spring deflection. It will be 
seen in Fig. 12 that for a given silicon material, the conversion loss at 10,000 
megacycles increases rapidly with the contact area. The curves tend to 
reach constant loss values at the higher spring deflections. It is believed 
that this may be ascribed to the fact that for a given spring size and form, 
the increment in contact area obtained by successive increments in spring 
deflection would diminish and finally become zero after the elastic limit of 
the spring is exceeded. 

The losses plotted in Fig. 12 were measured on a tuned basis, that is, the 
converter was adjusted for maximum intermediate frequency output at a 
fixed beating oscillator drive for each measurement. Were these measure- 
ments made on a fixed tuned basis, that is, with the converter initially ad- 
justed for maximum intermediate frequency output for a unit to which the 
minimum spring deflection is applied, and the units with larger deflections 
then measured without modification of the converter adjustment, even 
greater degradation in conversion loss than that shown in Fig. 12 would be 
observed. This results from the dependence of the radio frequency imped- 
ance upon the contact area. In loss measurements made on the tuned basis, 
changes in the radio frequency impedance occasioned by the changes in the 
contact area do not affect the values of mismatch loss obtained, while on the 
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fixed tuned basis they would result in an increase in the apparent loss be 
cause of the mismatch of the radio frequency circuits. 
\ hile the conversion loss is degraded by in reasing the contact area, the 


power handling ability*® of the rectifiers is improved, as shown i 


a 
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Fig. 12—Relationship between spring deflection and conversion loss 11 


silicon ervstal rectifiers 


This is not surprising because the larger area contact gives a wider current 
distribution and thus minimizes the localized heating effects near the con 
tact. Generally, therefore, in the development of units for operation at a 


’The measurement of power handling ability of crystal rectifiers by application of 
radio frequency power is complicated by the fact that the impedance of the unit under 
test varies with power level. If a unit is matched in a converter at a low-power level 
and power at a higher level is then applied, not all of the power available is absorbed by 


the unit but a portion of it is reflected (due to the change in impedance This factor 
has been called the self protection of the unit and it necessitates the distinction between 
the power absorbed by and the power available to the unit under test. The data for 
Fig. 13 were acquired by first matching the unit in converters at low powers (about 0.3 
milliwatts CW 3000 mcs) and then exposing it for a short period to successively higher 


levels of pulse power of square wave form of 0.5 microseconds width at a repetition rate 
of 2000 pulses per second, measuring the loss and noise ratio after each power application 
lhe power handling ability is then expressed as the available peak power required to 
cause a 3 db impairment in the conversion loss or the receiver noise figure This method 
was employed because in radar receivers the units are matched for low-power ley In 
this respect the method simulates field operating conditions, but the “spike” of radar 
pulses is absent. 

The increase in power handling ability with increasing area shown in Fig. 13 is confirmed 
by similar measurements with radio frequency pulse power with the unit matched at 
high-level powers, by direct-current tests, and by simple 60-cycle continuous wave tests 
The magnitude of the increase depends, however, upon the particular method employed 
lor measurement 
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given frequency, a compromise must be effected between these two impo! 
tant performance factors. Because of increased condenser by-pass action 
smaller area must be used to obtain a given conversion loss at a higher fr 
quency. For this reason the power handling ability of units designed fi 
use at the higher frequencies is somewhat less than that of the lower-fre 
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quency units because emphasis has been placed upon achieving a given sig- 
nal-to-noise performance in each frequency band. 

Use of the improved materials and processes produced rather large im- 
provements in the d-c rectification ratio, conversion loss, noise, power 
handling ability, and uniformity. Typical direct-current rectification char- 
acteristics of units produced by both the old and the new processes are shown 
in Fig. 14. These curves show that reverse currents at one volt were de- 
creased by a factor of about 20 while the forward currents were increased by 
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a factor of approximately 2.5 giving a net improvement in rectification ratio 


of 50 to 1. 


process improvements is shown in Fig. 15. 
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The parallel improvement in receiver performance resulting from 


A comparison in power handling 
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ability of the 3000-megacycle converter types made by the improved pro- 


cedures and the older procedures is shown in Fig. 16. 


The flexibility of the processes may be illustrated by comparison of two 














28 BELL SYSTEM TECHNICAL JOURNAL 


very different units, the 1N26 and the 1N25. Though direct comparison 
power handling ability is complicated by the fact that the burnout t 
methods employed in the development of the two codes were widely differe: 
it may be stated conservatively that while the 1N26 would be damaged aft: 
absorbing something less than one watt peak pulse power, the 1N25 u 
will withstand 25 watts peak or more. The 1N26 unit is, however, capal 
of satisfactory operation as a converter at a frequency of some 20 times t! 
of the 1N25. These two units have been made by essentially the same pri 
cedures, the difference in properties being principally due to modification « 
alloy composition, heat treatment, and contact area. 

NOTES: I, TEST FREQUENCY = 3000 MEGACYCLES 


2. NOISE RATIO IS THE RATIO OF THE AVAILABLE OUTPUT 
NOISE POWER OF THE CRYSTAL RECTIFIER TO KTB 
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rectifiers prepared by different processes. 


Prior to the process developments described above, in the interests of 
simplifying the field supply problem one general purpose unit, the type 1N21, 
had been made available for tield use. However, it became obvious that the 
advantages of having but a single unit for tield use could be retained only at a 
sacrifice in either power handling ability or high-frequency conversion loss 
Since the higher power radar sets operated at the lower microwave 
frequencies, it seemed quite logical to employ the new processes to improve 
power handling ability at the lower microwave frequencies and to improve 
the loss and noise at the higher frequencies. A recommendation accordingly 
was made to the Services that different units be coded for operation at 3000 
megacycles and at 10,000 megacycles. The decision in the matter was 
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affirmative. The importance of this decision may be appre iated from the 


fact that it permitted the coding and manufacture of units such as the 1N21B 
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megacycles, and the 1N23B unit which was of such great importan 
in 10,000 megacycle radars because of its exceptionally good performanc: 
From this stage in the development the diversification in types was quit 
rapid. The evolution of the coded units, of increasing power handlir 
ability for a given performance level at a given frequency, and of better pe 
formance at a given frequency is graphically illustrated in Fig. 17. Ti 
large improvements in calculated receiver performance are again eviden 
especially when it is considered that the receiver performances given a1 
for the poorest units which would pass the production test limits. 


EXTENT OF MANUFACTURE AND UTILIZATION 


An historical resumé of the development of crystal rectifiers would b« 
incomplete if some description were not given of the extent of their manu 
facture and utilization. Commercial production of the rectifiers by Wester: 
Electric Company started in the early part of 1942 and through the war years 
increased very rapidly. Figure 18 shows the increase in annual productio: 
over that of the first year. By the latter part of 1944 the production rat: 
was in excess of 50,000 units monthly. Production figures, however, revea 
only a small part of the overall story of the development. The increase in 
production rate was achieved simultaneously with marked improvements in 
sensitivity, the improvements in process techniques being reflected in manu 
facture by the ability to deliver the higher performance units in increasing 
numbers. 

The recent experience with the silicon rectifiers has demonstrated their 
utility as non-linear circuit elements at the microwave frequencies, that they 
may be engineered to exacting requirements of both a mechanical and elec- 
trical nature, and that they can be produced in large quantities. The deti- 
ciencies of the detector of World War I, which limited its utility and contribu- 
ted to its retrogression, have now been largely eliminated. It is a reasonable 
expectation that the device will now find an extensive application in commu- 
nications and other electrical equipment of a non-military character, at 
microwave as wellas lower frequencies, where itssensitivity, low capacitance, 
freedom from aging effects, and its small size and low-power consumption 
may be employed advantageously. 
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End Plate and Side Wall Currents in Circular Cylinder 
Cavity Resonator 


By J. P. KINZER and I. G. WILSON 


Formulas are given for the calculation of the current streamlines and in- 
tensity in the walls of a circular cylindrical cavity resonator. Tables are 
given which permit the calculation to be carried out for many of the lower 
order modes. 

: * Sex) 
The integration of [ Tela dx is discussed; the integration is carried out for 
F ’ 


¢ = 1, 2 and 3 and tables of the function are given 
The current distribution for a number of modes is shown by plates and figures 


INTRODUCTION 


In waveguides or in cavity resonators, a knowledge of the electromagnetic 
field distribution is of prime importance to the designer. Representations 
of these fields for the lower modes in rectangular, circular and elliptical 
waveguide, as well as coaxial transmission line, have frequently been de- 
scribed. 

For the most part, however, these representations have been diagram- 
matic or schematic, intended only to give a general physical picture of the 
fields. In actual designs, such as high Q cavities for use as echo boxes,' 
accurately made plates of the distributions were found necessary to handle 
adequately problems of excitation of the various modes and of mode sup- 
pression. 

One use of the charts is to determine where an exciting loop or orifice 
should be located and how the field should be oriented for maximum coup- 
ling to a particular mode. Optimum locations for both launchers and ab- 
sorbers can be found. Naturally, when attention is concentrated on a 
single mode these will be located at the maximum current density points. 
If, however, two or more modes can coexist, and only one is desired, com- 
promise locations can sometimes be found which minimize the unwanted 
phenomena. 

Also, in a cylindrical cavity resonator of high Q with diameter large com- 
pared with the operating wavelength, there are many high order modes of 
oscillation whose resonances fall within the design frequency band. Some 
of these are undesired and one of the objectives of a practical design is to 
reduce their responses to a tolerable amount. This process is termed 

'“*High Q Resonant Cavities for Microwave Testing,’ Wilson, Schramm, Kinzer, 
B.S.TJ., July 1946. 
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“Suppression of the extraneous modes’’. In this process, an exact knowledg 
of the distribution of the currents in the cavity walls has been found high! 
useful. 

For example, it has been found experimentally that annular cuts in th 
end plates of the cylinder give a considerable amount of suppression to man 
types of extraneous modes with very little effect on the performance of th 
desired TE O1n mode. These cuts are narrow slits concentric with the axi 
of the cylinder and going all the way through the metallic end plates into 
dielectric beyond”. The physical explanation is that an annular slit cuts 
through the lines of current flow of the extraneous modes, and thereby 
interrupts the radial component of current and introduces an impedance 
which damps, or suppresses, the mode. For the TE O1n mode, the slits 


TE Modes TM Modes 
rf ks» Tkip). 
-  , J¢(ki p) cos is gn STP? cin 0 
pa ky 1p 
zZ kg J (Rip) . ; 
os HWa=-f (Rip). a Hy = J,(kip) cos (0 
‘iis ky k, p 
4) hale 
c ki ki D2 Hy = J,(ki D2) cos (6 cos k3z 
= ; 
Dy lsin (@ cos k3 2] 
ss H, =0 
YH, = J,(ki D/2) cos (sin ks 
2 
k — ki “+ k3 
\ 
2r nt 
ky 3 
D L 
r = m root of J/(x) 0 for TM Modes. 
mn root of J (x) = (0 for TE Modes. 
D cavity diameter 
LL = cavity length 


Fig. 1—Components of H vector at walls of circular cylinder cavity resonator 
are parallel to the current streamlines and there is no such interruption, 
presumably there is a slight increase in current density alongside the slit, 


2Similar cuts through the side wall of the cylinder in planes perpendicular to the 
cylinder axis are also beneficial, but are more troublesome mechanically. 





on 


kn 
Tt 


ne 


fa 
ti 


Uts 


by 
Ct 





CIRCULAR CYLINDER CAVITY RESONATOR 33 


as the current formerly on the surface of the removed metal crowds over 
onto the adjacent metal, but this is a second-order effect 

To determine the best location of such cuts, therefore, it is necessary to 
know the vector distributions of the wall currents for the various modes 
This current vector, 7, is proportional to and perpendicular to the mag 
netic vector, H, of the field at the surface. Expressions for the components 
of the H/-vector at the surfaces of the end plates and side walls are given in 
Fig. 1. 
Exp PLATE: Contour Lines 

At the end plates, the magnitude of the -vector at any point is given by: 


H? = H,? + I¢. (1) 


Now substitute values of 7, and He from Fig. 1 into (1); drop any constant 
factors common to H, and Hg as these can be swallowed in a final propor- 


tionality constant; introduce the new variable x: 


p 
a hp =? 5. (2) 


where R = D/2 = cavity radius. Thus is obtained: 


H” = [Je¢(x) cos (6/7 + | Je¢(x) sin to | ‘ (3) 
x aa 


Now J¢ and J/¢, are expressed in terms of J¢_; and J/¢,,; and a further re- 
duction leads to. 


Il? = (Je_ cos (6)? + (Jt, sin (6)? (4) 
where 
Jt. = Jt-s(x) — Jt1(x) (5) 
and 
Jt, = Jts(x) + Jt(x) (6) 


The formulas (4) to (6) apply to both TE and TM modes. The values 
obtained depend on r, which is different for each mode. 

When 6 = 0, / is proportional to J¢_ and when @ = x 2¢, J is proportional 
to J¢t,. Relative values of / are thus easily calculated for these cases, 
once tables of J¢ are available. Such tables have been prepared and are 
attached. For TE modes, when 6 = 0, Hg = 0, and the currents are all 
in the @ direction. For 7M modes, when @ = 0, H, = 0, and the currents 
are all in the p-direction. When 6 = 7 2, the converse holds 

Figures 3 to 18 are a set of curves showing the relative magnitude of H 
(or J) for several of the lower order TE and TM modes. The abscissae 
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are relative radius, i.e., p/R; the ordinates are relative magnitude referre: 
to the maximum value. The drawings also give r = D/A, for each mode 
where A, is the cutoff wavelength in a circular guide of diameter D. Values 
for any point of the surface of the end plate can be calculated by using thes 
curves in conjunction with equation (4). 

In general, for each mode there are certain radii at which the current 
flow is entirely radial, (72 = 0). At these radii, which correspond to zeros 
of Jt(x) or J¢(x), the annular cuts mentioned in the introduction are quite 
effective. However, the maxima of /, do not coincide with the zeros of 
Ig; and a more sophisticated treatment gives the best radius as that which 
maximizes p/,*._ Values of the relative radius for this last condition are 
given in Table IV. 

Contour lines of equal relative current intensity are obtained by setting 
H? constant in (4), which then expresses a relation between x and @. The 
easiest and quickest way to solve (4) is graphically, by plotting H vs. x for 
different values of @. 

END PLATE: Current Streamlines 


It is easy to show that the equations of the current streamlines are given 
by the solutions of the differential equation 


dp =e 


- = —p —, (7) 
d0 "a. 

In the case of the TE modes, (7) is easily solved by separation of the vari- 
ables, leading to the tinal result: 


Fix) cos =-C (8) 


in which C is a parameter whose value depends on the streamline under 
consideration. In the TE modes, the E-lines in the interior of the cavity 
also satisfy (8), hence a plot of the current streamlines in the end plate 
serves also as a plot of the & lines. 

In the case of the 7M modes, (7) is not so easily solved. Separation of 


the variables leads to: 
; € J ¢(x) 
—log sin = / x I(x) ax. (9) 


The right-hand side of (9) can be reduced somewhat, yielding 


J u(x) 


—log sin (@ = log [xJe(x) }+ lHo* 


(10) 


but no further reduction is possible. The remaining integral represents a 
new function which must be tabulated. Its evaluation is discussed at 
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length in the Appendix, where it is denoted by F¢(x). Table II of the Ap- 
pendix gives its values (for & = 1, 2 and 3) and also those of Ge(x) where 


F¢(x) = —log Ge¢(x) (11) 
Thus (10) becomes 
—log sin (0 = log [x J(x)/Ge(x)| + C’ (12) 
and the final equation for the current streamlines is 
(xJe(x)/Ge(x)] sin 8 = C (13) 


where C is a parameter as before. 

It is not difficult to show that Ge(x)/Je(x) has zeros at the zeros of Jt(x). 
For these values of x, sin {@ = 0 whatever the value of C, and all stream- 
lines converge on (or diverge from) 2fm points on the end plate. 

The flow lines of (13) are orthogonal to the family (8) and could readily 
be drawn in this manner. However, better accuracy is obtained by plotting 
(13). 


END PLATE: Distributions 


The 32 attached plates show the distribution of current in the end plates 
of a circular cylinder cavity resonator for a number of modes. 

In the first set of 21, the scaling is such that the diameters of the figures 
are proportional to those of circular waveguides which would have the 
same cutoff frequency. This group is of particular interest to the wave- 
guide engineer. 

In a second group of 11, the scaling is such as to make the outside diam- 
eters of the cylinders uniform. This group is of particular interest toa 
cavity designer. 

This distribution is a vector function of position; that is, at each point in 
the end plate the surface current has a different direction of flow and a dif- 
ferent magnitude or intensity. The variation in current intensity is repre- 
sented by ten degrees of background shading. The lightest indicates re- 
gions of least current intensity and the darkest greatestintensity. The 
direction of current flow is shown by streamlines. Streamlines are lines 
such that a tangent at any point indicates the direction of current flow at 
that point. 

The modes represented are the 


TE 01, 02, 03 TM 01, 02, 03 
TE 11, 12, 13 TM 11, 12, 13 
TE 21, 22, 23 TM 21, 22 
TE 31, 32 TM 31, 32 
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in the nomenclature which has become virtually standard. In this systen 
TE denotes transverse electric modes, or modes whose electric knes | 
in planes perpendicular to the cylinder axis; 7M denotes transverse ma; 
netic modes, or modes whose magnetic lines lie in transverse planes. T} 
first numerical index refers to the number of nodal diameters, or to the orde 
of the Bessel function associated with the mode. The second numeri 
index refers to the number of nodal circles (counting the resonator boundar 
as one such) or to the ordinal number of a root of the Bessel function ass 
ciated with the mode. On the end plates, the distribution does not deper 
upon the third index (number of half wavelengths along the axis of the cylin 
der) used in the identification of resonant modes in a cylinder. This cor 
siderably simplifies the problem of presentation. The orientation of th 
field inside the cavity and hence the currents in the end plate depend o1 
other things; thus the orientation of the figures is to be considered arbitrary 

rhe plates also apply to the corresponding modes of propagation in a cir 
cular waveguide as follows: The background shading represents the ir 
stantaneous relative distribution of energy across a cross section of guide 
For TE modes, the current streamlines depict the E lines; for the 7M 
modes, they depict the projection of the & lines on a plane perpendicular 
to the cylinder axis. 


SIDE WALL: 


The current distribution iz the side walls is easily obtained from the 
field equations of Fig. 1. For 7M modes, the currents are entirely longi- 
tudinal; their magnitudes vary as cos (0 cos mms/L. This distribution is so 
simple as not to require plotting. 

For TE modes, the situation is more complicated, since both H, and Hs 
exist along the side wall. The current streamlines are given by the solu- 
tions of the differential equation 


dz DH, (14 
= — : ( 
dé Zhe 
By separation of the variables, the solution is found to be 
: ki} . 
log (C cos (0) = | — | log cos kgs. (15) 
ks 
Contour lines of constant magnitude of the current are given by 
2k3l . 4 : . . 
> sin (6 cos k3z} + (cos (6 sin k3z)° = K’. (16) 


In the above, C and K are parameters, different values of which correspond 
to different streamlines or contour lines, respectively. 
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Since both streamlines and contours are periodic in z and 6, it is not 
essential to represent more than is covered in a rectangular piece of the side 
wall corresponding to quarter periods in s and @. These are covered in a 
; rD 

length >~ along the cavity and in a distance ,, around the cavity. If 
2 hi 

such a piece of the surface be rolled out onto a plane it forms a rectangle 

: mnD 
ot proportions 

Pro} 21. 

The difficulty in depicting the side wall currents of 7 modes, as com 


pared with the end plate currents, is now apparent. For the end plate, the 
“proportions” are fixed as being a circle. Furthermore, for a given ¢, as 
m increases the effect is merely to add on additional rings to the previous 
streamline and contour plots. Here, however, the proportions of the rec 
tangle are variable, in the first place. And fora given rectangle the stream 
lines and contours both change as f and m are varied. Another way of ex 
pressing the same idea is that for end plates the current distribution does 
not depend upon the mode index x, and varies only in an additive way with 
the index m, whereas for the side walls the distribution depends in nearly 
equal strength on ¢, m and x. 

Some simplification of the situation is accomplished by introducing two 


new parameters, the ‘‘shape’’ and the ‘*mode’’ parameters, detined by: 


mnD f 1: 
2¢L inet 

and two new variables 
4 = he re (6. 18 


Substitution of the above, and also the expressions for k; and ks (see Fig 
1) into (15) and (16) yields 


Ye 


cos Z = C(cos ¢) (streamlines) (19 
“2 2 12 
’ K- — ¢os ©@ 
cos Z = (contours). 20 


(S?.M4 sin? @ — cos* ¢) 


For given proportions .S, one can calculate the streamlines and contours for 
various values of M. Thus a ‘‘square array”’ of side wall currents can be 
prepared, such as shown on Fig. 2. 

The mode parameter, 4, in the physical case takes on discrete values 


which depend on the mode. Some of its values are given in the following 
iable. They all lie between 0 and 1 and there are an infinite number of 


them. 
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VALUE OF M = ¢/r ror TE Moves 


f 1 2 3 4 5 6 10 6 7 2 
m=1 . 5432 .6549 7141  toee 7793 | .8000 8495 | .8813 | .9001 
2 .1875 . 2982 3743 .4309 | .4753 5113 .6080 6774 | 
3 mt iy . 2006 2644 .3154 | .3575 | .3930 | .4945 | .5730 
4 .0854 .1519 2057 2506 2888 | .3219 4209 





For any given mode in any given cavity, the values of S and M can tx 


calculated from (17). In general, these values will not coincide with those 
which have been plotted, but by the same token, they will lie among a group 


of four combinations which have been plotted. Since the changes in dis- 
tribution are smooth, mental two-way interpolation will present no difficulty 
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Fig. 9—End plate currents in TM 21 mode. 
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Fig. 15—End plate currents in TE 22 mode. 
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Fig. 16—End plate currents in TM 12 mode. 
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Fig..18—End plate currents in TE 61 mode 
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Fig. 20—TE 02 mode. 
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Fig. 21—TE 03 mode. 








Fig. 22—TE 11 mode. 








Fig. 23—TE 12 mode. 











Fig. 24—TE 13 mode. 
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Fig. 25—TE 21 mode 





Fig. 26—TE 22 mode. 
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Fig. 30—TM 01 mode 
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Fig. 33—TM 11 mode 











Fig. 34—TM 12 mode. 
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Fig. 35—TM 13 mode 











Fig. 36—TM 21 mode 











Fig. 37—-TM 22 mode. 
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Fig. 39—TM 32 mode. 
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Fig. 40—TE 11 mode. 








BELI 





SYSTEM TECHNICAL JOURNAL 








Fig. 41—TE 12 mode. 
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Fig. 43—TE 21 mode. 
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Fig. 44 TE 22 mode 
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Fig. 46—TE 32 mode 
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Fig. 47—-TM 11 mode 











RESON 








{TOR 





CIRCULAR CYLINDER CAVITY 











Fig. 48—TM 12 mode 
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Fig. 49—TM 21 mode 
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Fig. 50—TM 22 mode. 
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APPENDIX 


Pees : . Fee) 
INTEGRATION OF 


/ ax 
0 J¢(x) 
The discussion here is concerned only with integral values of £>0. The 
integral is not simply expressible in terms of known (i.e., tabulated) func- 
tions, hence what amounts to a series expansion is used. The method 


follows Ludinegg! who gives the details for ( = 1. 
The value of the integrand at x = 0 is first discussed. For f = 1, J,(0) = 0 
and J,;(0) = 0.5, hence the integrand has the value zero. For ¢ > 1, 


both numerator and denominator are zero, hence the value is indeterminate. 
Evaluation by (€ — 1) differentiations of numerator and denominator 
separately leads to the result that the integrand (and the integral also) is 
zero at x = O for all ¢. 

We now introduce a constant p¢ and a function ¢(x) which are suc! 
that the following equation is satisfied, at least for a certain range of values 


of x: 


» (€—A)St 
Jt = —pl (vi a : ) + oJ. (1 
Denote the desired integral by F¢(x), Le.: 
R "J ¢(x) 
(x) = , x. (2 
. o Je(x) ; 


Then substitution of (1) into (2) yields: 


It r I 
Fe = —pe og : | + [ ot dx. (3 
xt l 0 /0 


: , ( 1 . . : . . 
For x = 0, J¢/x'" is indeterminate, but evaluation by differentiating 
numerator and denominator separately (€ — 1) times gives the value 
1/2 — 1)! 


If we can now arrange matters so that @¢ remains finite in the range 
(0, x), its integration can be carried out, a) by expansion into a power 
series and integration term-by-term, or, b) by numerical integration. 

Solving (1) for @¢ one obtains 


” (f -— 1)J¢ 
Je+ pe (' ~ * ) 


ot = ; . (4 
Je 


Equation (4) becomes indeterminate at x = 0, when > 1. Evaluation by 
differentiating numerator and denominator separately ¢ times shows ¢¢(0) =0. 


1 Hochfrequenstech. u. Elektroak., V. 62, pp. 38-44, Aug. 1943. 
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At the first zero of J¢ (the value of x at a zero of J¢ will be denoted by r), 
¢ is held finite by choice of the value of p¢. It is clear that (4) becomes 
\determinate at x = 7, if 

J t(r) 


”e J¢(r)- 9) 


Since J¢ satisfies the differential equation 


” ; oor i ri 
Je+—-Je+ (1 -— €/x)Je=0 6) 
x 
ind Tir) = (), one has by substitution 
r 
{= ; (/ 
p ae 


Values of p for several cases are: 


{ = 1 2 3 4 ] 1 
ry = 1.841 3.054 4.201 §.318 re= 5.331 r= & 536 
be = 1.418 1.751 2.040 2.303 1.036 1.014 
ot(r) = —0.126 —0.286 —0.446 —0.604 —0.180 ~0.115 
Evaluation of ¢¢(r) by the usual process? gives: 
—r((r —  — 20) : 
or) = 8) 


(72 — £2)2 


j 


Values of ¢¢(r) are given in the preceding table. 

Since ¢¢ is finite at the origin and at the first zero of Jt, it may be ex 
panded into a Maclaurin series whose radius of convergence does not, 
however, exceed the value of x at the second zero of J¢. Alternatively, 
by choosing p¢ to keep ¢¢ finite at the second (ork) zero of J¢ it may be 
expanded into a Taylor series about some point in the interval between 
the first (or (k — 1)') and third (or (k + 1)™) zeros. Expansions about the 
origin are given in Table I. 

Unfortunately, the convergence of these power series is so slow that they 
are not very useful. Instead, equation (4) is used to calculate ¢¢ and 


[oe dx is obtained by numerical integration. 


With p¢ fixed to hold ¢¢ finite at the first root, qi, of it. it is soon found 
that ¢ becomes infinite at the higher roots. This is because different values 


*Substitute (6) into (4) to eliminate J7; differentiate numerator and denominator 
separately; use (6) to eliminate J,; allow x — r, using J(7) = 0 and value of p, from (7) 
a? YY) / &’/ / 
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of p are required at the different roots, as shown for ( = 1 in the t 
above. A logical extension would therefore be to make p a function 
such that it takes on the required values at 71, r2, 73, °°+. When this is 
done and p¢(x) is introduced into (1) and (2), one has to integrate 


o 


(e) I" (x 
a M? ax 
J J (8) 


and this is intractable. 

Hence p(x) is made a discontinuous function, such that p has the value 
pi corresponding to r; for values of x from zero to a point 6; between r; and 
r,; the value p2 corresponding to r2 for values of x from 6, to a point d, | 
tween r2 and r3; and so forth. This introduces discontinuities in @. No 
discontinuities exist, however, in the function 


. F 
G=e"t 9 
which is given in Table II. The calculations were made by Miss F. C 
Larkey; numerical integration was according to Weddle’s rule. 
Within the limits of this tabulation, then, G¢ and F¢ are now considered 
to be known functions. 


TABLE I 


POWER SERIES EXPANSIONS OF ¢¢(x) 


/ 3p 1 17p 7 79p 
g(x) = 1 - r + — xt + = x + 
4 4 96 y 96 1536 


= —().063813. 0.001178x? —0.0000358x° 


; a {1 iP) os ee 
ta: a = pk ae si Be Ghee cal a 
= (; 4 (34 288 } (its 17280) “7 


= +0.15451x +0.01648x° — 0.00580x5 — 


1 5p 1 ap) (8 ae a 
(x) = [- — x+ ~ # _ x5 - 
— a ae (280 276480, 


= +0.12210x +0.00667x? +0.00375x5 — 


3 Unless p = b + cJ’ (band c constants), which is not of any use. 














HONE S 


Cano 





0 
5782 
pedir 


-bbad 
0987 
—- 2416 


bo 


S060 
0470 
— 5463 
+0789 
1562 


0 


_ 


.0000 
5609 
0625 
9060 

. 2733 


4467 
9541 
.7269 
9241 
8554 
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VALUES OF F(x) 


1 


0050 
7261 
2.0801 
0147 
—2188 


1.1595 
—(Q812 
— 5429 

2657 
— 0300 


1 


9950 
{83S 
1249 
9854 
1.2445 


3136 
1.0846 
1.7209 

7667 


1.0304 


? 


MOI 
9936 
6199 
0564 
1845 


7307 
— 1879 


— 5292 


5107 
1802 


? 


9801 
1051 
1979 


.0580 


2026 


= 


fia 


2067 


.6976 


6001 
1974 


3 


0455 


9555 
3265 
2787 
1.1226 
1.1476 


0407 
1.3190 
1.6568 

$261 
1.3545 


TABLE 


OS16 
1.3874 
1.0073 
-~ 1640 
~O769 


2.3851 
— 3506 
— 4693 
1.3992 
— 4053 


G(x) 


4 


9216 
2497 
3652 
1.1781 
1.0799 


0921 
1.4200 
1.5989 

2468S 
1.4998 


= fi 


I! 
. 
da 

x 
129] 
1.7336 
7864 
2018 
0 
1.4478 
—4111 
$214 
2.7313 
{807 
S789 
1766 
$555 
1.2236 
1.0000 
2351 
1.5084 
1.5241 
0513 
1.6318 


1887 


2.2103 


6018 
2296 


+0960 


9635 
—4594 


3598 


2.1565 


5590 


S280 
1097 
5478 
2581 
GOSS 


3816 
1.5831 
1.4331 

1157 


L.7489 


2616 


2.9577 


$454 
2475 


2153 


6373 
1966 
2826 
1974 
6150 


7698 
0519 
6406 
2808 
S063 


5287 
1.6432 
1.3265 

3020 
1. S497 


3493 
$.6961 
3117 
2556 


3646 


3939 
5233 
1S6S 
7154 
6591 


7052 
0091 
7322 
2912 


6945 


6744 
6877 
2054 
$890 
1.9330 


$539 
1846 
1970 
2537 


5549 


2024 
5398 
O685 
3942 


6921 


6351 
0152 
8212 
2888 
5741 


S168 
‘ 157 
0709 
6742 


9978 
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F 
. . Ja(x) 
VALUES OF F2(x) = [ dz; Gi(z) = e-*: 











Jal) 
F(x) 
x 0 1 y 3 4 ¢ 7 ~ 
0 0 0025 O1L00 0226 0403 0€32 OO14 1251 1645 2097 
] 2612 3192 3840 1563 5365 6253 7236 8323 9528 1. OS6¢ 
2 1.2357; 1.4008 1.5913 1.8061) 2.0541 2.3456 2.6972 3.1380 -3.7263) 4.6110 
3 | 6.4527) 6.7644) 4.7528 3.8572 3.2808 2.8597; 2.5316! 2.2658 2.0451) 1.8590 
$ | 1.7002) 1.5641 1.4470. 1.3466: 1.2607 1.1881) 1.1275 1.0783 1.0896) 1.0112 
5 Q928 9843 QS5S 9974) 1.0196 1.0530, 1.0985 1.1573! 1.2311) 1.322 
6 1.4345 1.5726 1.7447 1.9640. 2.2555 2.6713 3.3910 6.5119; 3.! 2.714 
¢ | 2.2595) 1.9432' 1.7034: 1.5131 : 1 .2204' 1.1223, 1.0328 8977 
Ss 8490) S115 T3416. 7679 4645, .7779' = .8020'_ .! JSS45 
y .9452. 1.0212 1.1149 1.2301 1.3725 1.5512 1.7817 2.0950, 2.5660 3.4864 
Gi(x) 
0 1 2 3 | 5 6 7 8 


0 | 1.0000 9975 9900 9777 9605 9388 9127 8824 $483 S108 


| 7701 7267 6811 6336 5548 5351 4850 1350 3856 3373 
2 2906 2459 2036 1643 1282 O95S 0674 0434 0241 OO99 
3 0017 OO12 O0S6 0211 0376 0573 0795 1037 1294 1558 
4 1826 2093 2353 2601 2834 3048 3238 3402 3586 3638 
5 3705 3737 3731 3688 3607 3dASY 3334 3143 2920 2665 
6 2383 2075 1747 1403 1048 0690 0337 0015 0298 0662 


7 1044 1432 1821 2202 2572 2925 3255 3560 3834 4075 


Ss 4278 4442 1563 1640, 4671 1656 1593 4454 $329 $129 
sy) 


8886 3602 3280, 2923 2535 2120 1683 1231 0768, = 0306 





call 














.SM45 


3.4864 


SILOS 
3373 
0099 
155s 
3638 


2065 
0662 
1075 
4129 
0306 








oie oh mre) | 


Hwee S 


oo 


oon 


—_ 


or 
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bho bb 


0 
1703 
7319 


.9321 


7117 


2239) ¢ 
1487 
. 2864 
.9408 
-2108 


.0000 


8434 
4810 
1448 
0033 


0398 
1166 
1016 
0010 
1096 


~ 


.9414 
2.1302 


tO bo bo 


VALUES OF F3(.r) 


1 


OO17 
2070 
S158 


.1150) 2 
1373 16. 


282 
1156 
3674 


to & bo bo bo 


| 


9983 
8130 
4423 
1206 
0008 


0484 
1206 
0937 
0071 
1188 


? 
0067 0152 
2476 2922 
9060 1.0028 
3165) 2.5402 
2303) 7.2383 
2.8605 2.7160 
.0927 2.0798 
.4664 2.5868 
4.0348 3.5348 
2.0637) 2.0097 
9933 9849 
7806 7466 
4041 3668 
0986 0789 
0000 0007 
0572 0661 
1233 1250 
O849 0753 
0177 0292 
1270 1340 


oN = 


m Ow bobo bo 
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Jo J3(x) 


F3(x) 


0268 
3410 


. 1070 


T7908 
S409 


5913 
O768 
7340 
L912 


9676 


G3(x 


4 


9734 
7110 
3305 
O614 
0029 


0749 
1253 
0650 
0411 
1398 


on os 


m bobo te bo 


dz; G;(xr) = 
0420 0604 
3942 {51S 
2192 1.3401 
0752 3.4034 
04090 4.4852 
{83S 2.39014 
OS838 2.1012 
9159 3.1460 
9324, 2.7276 
.9361) 1.9147 
9589 9413 
6742 6365 
2955 2618S 
0462 0333 
0065 OL13 
OS834 O915 
1244 1223 
0542 0430 
0533 0654 
1443 


1474 


aoe 


mm tS Oo bo bo 


RESON ATOR 


OS26 
5141 
$706 
TOO5 


0643 


3128 
1293 
149] 
5608 
9036 


G20S 
5980 
)» POS 
0226 


Q172 


O990 
LIS9 
O31S8 
O772 


1490 


LOSI 
5S14 
OLIS 
2624 


TOY 


2467 
1685 
S740 
») 7 
ool 


9025 


R975 
5591 
L905 
Ol41 
0240 


1057 
1145 
0207 
OSS7 


1492 


wat) 
1373 


65349 

7650 

SboOU 
1 


> 1742 
>. bOtD 


l 


1922 
2208 
595U 
3074 


9115 


S717 
5200 
1712 
O77 


0316 


1117 
1085 
OL1Ol 
OJYo 
1479 


































+1.0 
+7652 


0 
l 
2 +2239 
3 
4 


2601 

3971 
5 1776 
6 +1506 
7 +3001 
8 +1717 
Qg —0903 
Pa ( 
0 +0 
l +4401 
2 +5767 
3 +3391 
{ O60 
5 3276 
6 2767 
7 OO47 
Ss + 2346 
8) +2453 


> oO 

0 +0 
] +1149 
2 > +3528 
3 +4861 
4 +3641 
5) +0466 
6 2429 
7 — 3014 
8 1130 
9 +1448 
x 0 


0 +0) 
1 +0196 
: +1289 
3 | +3091 


4 +4302 
5 | +3648 
6 +1148 
7 —1676 
8 | —2911 
9 | —1809 


BessEL Funcrions oF THE First Kino 


1 


9975 9900 9776 
7196 6711 6201 
1666 1104 0555 
2921 3202 3443 
3887 3766 3610 


1443 1103 O75S8 
1773 2017 2238 
299] 295) 2882 
1475 1222 0960 
1142 1367 1577 


1 2 3 


0499 0995 1483 
1709 1983 5220 
5683 5560 5399 
3009 2613 2207 
1033 1386 1719 


3371 3432 3460 
2559 2329 2081 
0252. +0543 +0826 
2476 2580 2657 
2324 2174 2004 


1 2 ; 


0012 0050 O12 
1366 1593 1830 
3746 3951 4139 
4862 $835 4780 
3383 3105 2811 


0121; —0217 0547 
2612 2769 2899 
2920 2800 2656 
OS64 0593 0320 
1653 1840 2008 


1 2 3 


0 0002 0006 
0257 0329 0411 
1453 1623 1800 
3264 3431 3588 
4333 4344 4333 


3466 3265 = 3046 
0846 0543 0240 
1896 2099 2281 
2903, 2869 2811 
1598 1374 1141 


TaBLFE III 


J o(z) 
4 


9604 
5669 
0025 
36438 
3423 


0412 
2433 
2786 
0692 
1768 


J,(zx) 
i 


1960 
5419 
5202 
1792 
2028 


3453 
IS16 
+1096 
2708 
1816 


0197 
2074 
4310 
41697 
2501 


— 0867 
3001 
2490 
0047 
2154 


J3(xr) 
4 


0013 
0505 
1981 
3734 
4301 


2811 
— 0059 
2442 
2730 
0900 


76 


+9385 
5118 
—OAS4 
— 3801 

3205 


4+ 


-O06S 
2601 
2663 
+0419 
— 1939 


+ 


+ 


— 111 bO 
Sew 


a or" 


_— +> + 
on se 
o-i1WKW vr 
— Wo 
Co = 89 


0306 
2321 
$461 
4586 
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First and Second Order Equations for Piezoelectric 
Crystals Expressed in Tensor Form 


By W. P. MASON 


INTRODUCTION 


EOLOTROPIC substances have been used for a wide variety of elasti 

piezoelectric, dielectric, pyroelectric, temperature expansive, piezo 
optic and electro-optic effects. While most of these effects may be found 
treated in various publications’ there does not appear to be any integrated 
treatment of them by the tensor method which greatly simplifies the method 
of writing and manipulating the relations between fundamental quantities. 
Other short hand methods such as the matrix method’ can also be used for 
all the linear effects, but for second order effects involving tensors higher 
than rank four, tensor methods are essential. Accordingly, it is the purpose 
of this paper to present such a derivation. The notation used is that agreed 
upon by a committee of piezoelectric experts under the auspices of the Insti- 
tute of Radio Engineers. 

In the first part the definition of stress and strain are given and their inter- 
relation, the generalized Hookes law is discussed. The modifications caused 
by adiabatic conditions are considered. When electric fields, stresses, and 
temperature changes are applied, there are nine first order effects each of 
which requires a tensor to express the resulting constants. The effects are 
the elastic effect, the direct and inverse piezoelectric effects, the temperature 
expansion effect, the dielectric effect, the pyroelectric effect, the heat of 
deformation, the electrocaloric effect, and the specific heat. There are 
three relations between these nine effects. Making use of the tensor trans- 
formation of axes, the results of the symmetries existing for the 32 types of 
crystals are investigated and the possible constants are derived for these 
nine effects. 

Methods are discussed for measuring these properties for all 32 crystal 
classes. By measuring the constants of a specified number of oriented cuts 
for each crystal class, vibrating in longitudinal and shear modes, all of the 
elastic, dielectric and piezoelectric constants can be obtained. Methods 
for calculating the properties of the oriented cuts are given and for deriving 
the fundamental constants from these measurements. 

1 For example Voigt, ‘Lehrbuch der Kristal] Physik,” B. Teubner, 1910; Wooster 
“Crystal Physics,’’ Cambridge Press, 1938; Cady ‘“‘Piezo-electricity”” McGraw Hill, 1946 


2 The matrix method is well described by W. L. Bond ““The Mathematics of the Physica 
Properties of Crystals,” B.S. T. J., Vol. 22, pp. 1-72, 1943. 
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Second order effects are also considered. These effects (neglecting second 
order temperature effects) are elastic constants whose values depend on 
the applied stress and the electric displacement, the electrostrictive effect, 
piezoelectric constants that depend on the applied stress, the piezo-optical 
effect and the electro-optical! effect. These second order equations can 
also be used to discuss the changes that occur in ferroelectric type crystals 
such as Rochelle Salt, for which between the temperature of —18°C. and 
+24°C.,a spontaneous polarization occurs along one direction in the crystal. 
This spontaneous polarization gives rise to a first order piezoelectric deforma- 
tion and to second order electrostrictive effects. It produces changes in 
the elastic constants, the piezoelectric constants and the dielectric constants. 
Some measurements have been made for Rochelle Salt evaluating these 
second order constants. 

Mueller in his theory of Rochelle Salt considers that the crystal changes 
from an orthorhombic crystal to a monoclinic crystal when it becomes 
spontaneously polarized. An alternate view developed here is that all of 
the new constants created by the spontaneous polarization are the result of 
second order effects in the orthorhombic crystal. As shown in section 7 
these produce new constants proportional to the square of the spontaneous 
polarization which are the ones existing in a monoclinic crystal. On this 
view “morphic” effects are second order effects produced by the spontaneous 
polarization. 


1. STRESS AND STRAIN RELATIONS IN AEOLOTROPIC CRYSTALS 
LI. Specification of Stress 


The stresses exerted on any elementary cube of material with its edges 
along the three rectangular axes X, Y and Z can be specified by considering 
the stresses on each face of the cube illustrated by Fig. 1. The total stress 
acting on the face ABCD normal to the X axis can be represented by a 
resultant force R, with its center of application at the center of the face, 
plus a couple which takes account of the variation of the stress across the 
face. The force R is directed outward, since a stress is considered posi- 
tive if it exerts a tension. As the face is shrunk in size, the force R will be 
proportional to the area of the face, while the couple will vary as the cube of 
the dimension. Hence in the limit the couple can be neglected with respect 
to the force R. The stress (force per unit area) due to R can be resolved 
into three components along the three axes to which we give the designation 


T say ’ T ys, ’ I 52 (1) 


Here the first letter designates the direction of the stress component and the 
second letter x2 denotes the second face of the cube normal to the X axis. 
Similarly for the first X face OEFG, the stress resultant can be resolved 
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into the components 7;,,, Tyz,, Taz; ; which are oppositely directed t 
those of the second face. The remaining stress components on the other 


four faces have the designation 























necaet.-t.., Tix Te 
we t. th: GS ? 
nee fi. Bix Te 
ef. Tear Te 
Z 
E F 
OA- 
B se 4 
i i} 
OO ee eee Y 
) ee Ra: ia 
a : D 


Fig. 1.—Cube showing method for specifying stresses. 


The resultant force in the X direction is obtained by summing all the forces 
with components in the X direction or 


Fy = (Tex, — Tez) dyds + (Tryp — Tay;) dda + (Tr2, — Tey) dxdy. (3) 


But 
. in OT zz : 
Tz:, ~ —T:xz, + “a dx; T xy, =e ~Zey, 
aT as 
: ee _ dy; Tz, = —T as, + = ¢ dz 
dy 
and equation (3) can be written in the form 
OT sz | OT; 0 
Fk, = Tey + z=) dx dy dz. (5) 
Ox Oy ° 
Similarly the resultant forces in the other directions are 
OT 
F, = = Tw dx dy dz 
: -(* Ox +* “Oy +5 
(6) 





F, = -(te 4 + —_* 7 dx dy dz. 
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We call the components 


Tes, Toy, Tes Tu, Te, Ts 
im yf pene (ae - T21, Tx, T.3 7) 


Fes ’ f ee ’ fe T31 , Tx ; T 33 


the stress components exerted on the elementary cube which tend to deform 
it. The rate of change of these stresses determines the resultant force on 
the cube. The second form of (7) is commonly used when the stresses are 
considered as a second rank tensor. 


N 

















Fig. 2 Shearing stresses exerted on a cube 


It can be shown that there is a relation between 3 pairs of these compo- 
nents, namely 
i = Fs ’ as ra Pes ; Pus a . (3) 
To show this consider Fig. 2 which shows the stresses tending to rotate the 
elementary cube about the Zaxis. The siresses 7,,,, and 7,,, tend tu rotate 
the cube about the Z axis by producing the couple 


jp dx dy dz 
) . 


rhe stresses 7,,, and T,,, produce a couple tending to cause a rotation in 


the opposite direction so that 
+ (Ty: — Ty) dx dy dz = couple = Ja, (10) 


is the total couple tending to preduce a rotation around the Z axis. 
But from dynamics, it is known that this couple is equal to the product of 
the moment of inertia of the section times the angular acceleration. This 
moment of inertia of the section is proportional to the fourth power of the 
cube edge and the angular acceleration is finite. Hence as the cube edge 
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approaches zero, the right hand side of (10) is one order smaller than t 
left hand side and hence 


Toi ™ Lee (1 

The same argument applies to the other terms. Hence the stress cor 
ponents of (7) can be written in the symmetrical form 
rz) Tu ’ T 2 ’ T 15 T; ’ Ts ’ Ts 

Ty, Tw, Ty: _ Ti, Tx , T23| = Ts, T2, T, (12 

Pies ’ Lvs ’ i oe T 13 ’ T 23 ’ T 33 Ts ’ T4 ’ T3 
The last form is a short hand method for reducing the number of indices 
in the stress tensor. The reduced indices 1 to 6, correspond to the tensor 
indices if we replace 

liby1; 22by2; 33 by 3; 23 by 4; 13 by 5; 12 by 6. 


This last methcd is the mcst common way for writing the stresses. 


1.2 Strain Components 


The types of strain present in a body can be specified by considering two 
points P and Q of a medium, and calculating their separation in the strained 
condition. Let us consider the point P at the origin of coordinates and the 
point Q having the coordinates x, y and s as shown by Fig. 3. Upon strain- 


,Z 








x 


Fig. 3.—Change in length and position of a line due to strain in a solid body. 


ing the body, the points change to the positions P’, Q’. In order to specify 
the strains, we have to calculate the difference in length after straining, or 
have to evaluate the distance P’Q’-P Q. After the material has stretched 
the point P’ will have the coordinates £ , m, ¢:, while Q’ will have the 
coordinates x + f2;y + m;3 +2. But the displacement is a continuous 
function of the coordinates x, y and z so that we have 
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Similarly 

On On _ On 
m= m+ - z+ - T= 5 

Ox oy Oz 

(13) 

P . or ag ar 
G28=Hait—«t-yt=—-z. 

Ox oy Oz 


Hence subtracting the two lengths, we find that the increases in separation 
in the three directions are 


ms 0g 0g 0g 

&=x— ty -t+2— 

Ox " oy 02 

On On On 
&=2*-+y-—-+23=— (14) 

Ox oy Oz 

ar ar ar 

& =x—+y-— +2=—. 

. Ox ~~ Oy dz 
The net elongation of the line in the x direction is x *s and the elongation 

Ox 


; i ee , - 
per unit length is =. which is defined as the linear strain in the x direction. 
Ox 
We have therefore that the linear strains in the x, vy and z directions are 
: 0g ; On . a¢ ‘ 
jas: Rasy gies. (15) 
Ox oy Oz 
The remaining strain coefficients are usually defined as 
’ ot On 2 dg og ; On . CE 
Ans es: Relea; SSeS (16) 
oy 02 02 Ox Ox oy 
and the rotation coefficients by the equations 
og On o£ o¢ 


=.= —--—; wy = —- —- =} oe = ---—. (17) 
oy Oz Oz Ox Ox oy 


Hence the relative displacement of any two points can be expressed as 


. S6 = ene Ss + dy 
6, = xS; + v( ; ) + :( = ) 
; 2 2 
Set ow: Sy - a 
6, = (* : “*) + ySe + :( : * (18) 
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which represents the most general type of displacement that the line P 
can undergo. 

As discussed in section 4 the definition of the shearing strains given | 
equation (16) does not allow them to be represented as part of a tens 
If however we defined the shearing strains as 


. si 0 0 : 
n= S=(24+24); wy =5, 
Oy Oz 
: (19 
Ci) ) —,. C) 
S47; Meuhe +o 
2 Ox Ox dy 
they can be expressed in the form of a symmetrical tensor 
. bid , we we 
Si Sie 543 | Si ) y) 
| S¢ S45 
Sy Sx Soe) =! ~ Se 0) 
2 S22 D293 ) 2 9 (2 
os. 6 
713 S23 S33 2 2 3 
For an element suffering a shearing strain Sp = 2Sy only, the displace 


ment along x is proportional to y, while the displacement along y is propor- 
tional to the x dimension. A cubic element of volume will be strained into 
a rhombic form, as shown by Tig. 4, and the cosine of the resulting angle 6 








x 


lig. 4.—Distortion due to a shearing strain. 


measures the shearing deformation. For an element suffering a rotation 
w, only, the displacement along x is proportional to y and in the negative 
y direction, while the displacement along y is in the positive x direction 
Hence a rectangle has the displacement shown by Fig. 5, which is a pure 
rotation of the body without change of form, about the z axis. For any 
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body in equilibrium or in nonrotational vibration, the w’s can be set equal 


to zero. 
The total potential energy stored in a general distortion can be calculated 
as the sum of the energies due to the distortion of the various modes. For 


, , . . dé 
example in expanding the cube in the x direction by an amount = dx = 


S, dx, the work done is the force times the displacement. The force wil 
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Fig. 5.—A rotation of a solid body. 


be the force 7; and will be 7; dy dz. Hence the potential energy stored in 
this distortion is 


T1dS, dx dy de 


: , . > 
For a shearing stress 7, of the type shown by Fig. 4 the displacement = 


times the force 7's dy dz and the displacement - 


S ; er 
d = times the force 7; dx dz 


“ 


equals the stored energy or 
APE, = 3 (dS6T¢ + dSoT) dx dy dz = dS¢T, dx dy dz. 
Hence for all modes of motion the stored potential ener gy is equal to 
APE = [T; dS; + T:dSz + Ts dS3 + Ti dSy + Ts dS 
+ T. dS.] dx dy dz. an) 
1.3 Generalized Hooke’s Law 


Having specified stresses and strains, we next consider the relationship 
between them. For small displacements, it is a consequence of Hooke’s 
Law that the stresses are proportional to the strains. For the most un- 
symmetrical medium, this proportionality can be written in the form 
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Ti = curSi + Cr2S2 + C1383 + CraS¢ + CrinSs + C1656 
T2 = CorSi + CooSe + Co39S3 + ConSg + ConSs + Coo 
T'3 = carSi + C3252 + C3353 + C3454 + C3555 + C2056 
Ts = carSi + CaxS2 + C4383 + CaaSa + CasS5 + Cae 
Ts = corSi + CoSe + C5953 + CouSs + Coes + CoS 
T 6 = covSi + CoeSe + ceaS3 + CouSs + CoeSs + Coe 


where cy for example is an elastic constant expressing the proportionality 
between the 5, strain and the 7; stress in the absence of any other strains 

It can be shown that the law of conservation of energy, it is a necessary 
consequence that 


Cig = Cy and in general ¢;; = cj. (23) 


This reduces the number of independent elastic constants for the most 
unsymmetrical medium to 21. As shown in a later section, any symmetry 
existing in the crystal will reduce the possible number of elastic constants 
and simplify the stress strain relationship of equation (22). 

Introducing the values of the stresses from (22) in the expression for the 
potential energy (21), this can be written in the form 


2PE = cySi + 2croSpS2 + 2c1351S3 + WraSiS4 + 2WrsSSs + 2creSiS¢ 
+ ConS3 + 2cogSeS3 + 2cosSe5s + 2245085 + 2oeSeSe 


+ ¢3353 + 2345354 + 2035535 5 + 2c36SsS6 


- CuSa + 2cysSaS5 + 2caoSgSo6 (24) 
+ e555 + 2cseS55c 
+ CooSs . 


The relations (22) thus can be obtained by differentiating the potential 
energy according to the relation 


OPE. aPE 


T= seg: Apa 25) 
; a as 


as,’ 

It is sometimes advantageous to express the strains in terms of the stresses. 

This can be done by solving the equations (22) simultaneously for the 
strains resulting in the equations 
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Si = Sul, + S72 + SisT3 + SuuTs + SisT's + SisTs 
Se = sul + ST. + 59373 + SesTs + 5251's + Soe] 


S3 = S311, + S327 2 + 53373 + 53573 + 53515 + Sa61's 


(26) 

Se = SuT1 + SaoT2 + $4373 + Ss47¢ + SasTs + Sap Ts 

Ss = Spl + SsoTe + 55373 + S574 + 55575 + Ss6l's 

S¢ => Seil 1 + Seo] 2 + Se313 a Seals 2 a Sesl 5 = 2 Seel ¢ 

where 
(—1)""" Ai; e 
Sij = = (27) 
As 


for which A‘ is the determinant of the c;; terms of (28) and A‘, the minor 
obtained by suppressing the 7th and jth columa 


Cn Cie C13) Cia C15 C16 
; ee > es 
c C13. «Cog, 33— C34 3H C36 ’ 
A = i (28) 
C14 Ce C3Q He 4 4G 


C15 €25 (C35 «(C45 (C55 OC56 


[Cig «Cog «60360 C4 Ce CG 


Since ¢;; = c;; it follows that s;; = sj; The potential energy can be 
expressed in the form. 


2PE= suTi + 25127172 + 25137173 + 2547114 + 25157175 + 25167 iT ¢ 
+ S0nT3 + 2se3T2Ts + 2seuT2Ts + 25e5T2Ts + 2526727 s 
+ 53373 + 25347374 + 2ss5T3Ts + 25367 37's 
+ suT% + 25y5TsTs + 2545Ts7 (29) 
+ 5557§ + 2ss67'sTs 
=— Seol ¢- 
The relations (26) can then be derived from expressions of the type 


OPE OPE 
Ss; = —-; sees Se = ‘ (30) 
1 aT; ’ ’ S6 OTs ( 


1.4 Isothermal and Adiabatic Elastic Constants 


We have so far considered only the elastic relations that can be measured 
statically at a constant temperature. The elastic constants are then the 
isothermal constants. For a rapidly vibrating body, however, there is no 
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chance for heat to equalize and consequently the elastic constants operative 
are the adiabatic constants determined by the fact that no heat is adde: 
or subtracted from any elemental volume. For gases there is a marke 
difference between the adiabatic and the isothermal constants, but for 
piezoelectric crystals the difference is small and can usually be neglected. 

To investigate the relation existing we can write from the first and second 
laws of thermodynamics, the relations 


dU = [T; dS, + Te dS, + T3; dS; 
+ T, dS, + Ts dS5 + T¢ dS 6} +. 8 do 


which expresses the fact that the change in the total energy U is equal to 
the change in the potential energy plus the added heat energy dQ = © do 
where @ is the temperature and o the entropy. Developing the strains and 
entropy in terms of the partial differentials of the stresses and temperature, 
we have 


(31 


OS; ‘ OS . OS; 
aides a IT> é IT; 
dS ar, 221 + ar, *!* * ar, 
OS; a OS; as; 
d r . 8 
r aT iad aT; sailed OTs ots + 30 ¢ 
: O36) in O6 sn a 
So = IT» 
dS¢ aT, + ap, tt az, 
(32) 
OSs OSs ; OSs , OSs 
+ aT, dT, + aT, dT; -- aT, aTs + 90 de 
do nee a 
do _ aT: dT, + aT e dT> + aT; dT; 
0a Oa 00 00 
d - ——- OC — dO. 
+ aT. i + oT, dT, + aT. Ts + 30 a€ 


The partial derivatives of the strains with regard to the stresses are readily 
seen to be the isothermal elastic compliances. The partial derivatives of 
the strains by the temperatures are the six temperature coefficients of ex- 
pansion, or 
0s 0S, 
1 = ay; ines $= a. (33) 
00 
To evaluate the partial derivatives of the entropy with respect to the 
stresses we make use of the fact that U’ is a perfect differential so that 
OS; ae Oo OS¢ 00 


= = a; ee = == ig. (34) 


06—s«OT 00—soOAT ss 
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Finally multiplying through the last of equation (32) by 6 we can write 
them as 


; a Om ae On On , : 
Sy = $1171 + Si2T2 + SisT3 + SisTs + StoTs + SisZ'6 + a dO 


. 6m 67 67 (Se a 8m l (Sie al J 
S¢6 Sie] 1 + SoeZ2 + 53673 + SaeZ4 + Ss67'5 + See7s + a6 dO 


dQ 
F Oc. P : 
since 85 is the total heat capacity of the unit volume at constant stress, 
which is equal to pC,, where p is the density and C, the heat capacity at 
constant stress per gram of the material. 

To get the adiabatic elastic constants which correspond to no heat loss 
from the element, or dQ = 0, dO can be eliminated from (35) giving 


@ do = OfayT; + a2T2 + a37T3 + c4Ts + a5T 5 + agT 6] + pCp dO 


SiiT 1 + si2T2 + 53373 + St4T4 + SisT's + Sis7s + (a1/pCp) dO 


Si = 
36) 
. ~ em © mm om ¢m © ‘ . 
Sg = Stel) + Sogl 2 + S361 3 + S4el 4 i S561 5+ Seal ¢ + (ae/ pl p) dV) 
where 
¢ e  %a;9 oe 
$33 = Sij — : : (37) 
plUp 


For example for quartz, the expansion coefficients are 


6 


a, = 14.3 * 10°°/°C; ae = 14.3 X 10°°/°C: as = 7.8 X 10°°/°C: 


ay = as = ag = V 
The density and specific heat at constant pressure are 


- / 3 . =» an .6 3 
p = 2.65grams/cm’; C,= 7.37 XK 10° ergs, cm’. 


Hence the only constants that differ for adiabatic and isothermal values are 


S11 = S22; Si2; S13; 533. 
Taking these values as* 
sii, = 127.9 x 10°“ cm’ dyne; sig = —15.35 x 10°": 
Sis = 11.0 XK 10°; si: = 95.6 x 10°™. 
We find that the corresponding isothermal values are 
sti = 128.2 x 10%; 5% = —15.04 x 10°": 


sts = 10.83 X 10°"; s$ = 95.7 X 10°™* cm’/dyne 


*See “Quartz Crystal Applications’ Bell System Technical Journal, Vol. XXII: 
No. 2, July 1943, W. P. Mason. 
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at 25°C. or 298° absolute. These differences are probably smaller tha 
the accuracy of the measured constants. 

If we express the stresses in terms of the strains by solving equation (35 
simultaneously, we find for the stresses 


Le) 


. 0 . Go ' (ore \ 0 © Oo 
Ty = cirSi t+ CieSe + 1393 + C1454 + CisSs + CieSs — Ar dO 


; 
(3% 
an (a) 0 © 3 red Bo Oc Oe 
* i — C1691 t C262 _ C3693 ss 3 C464 tT C5ge)s T Cae 6 = Ne do 
where 
0 0 a ia) 0 0 
Ay = ayer, + A212 + agcig + ayCr4 + O5Cig + O6Ci6 
e rs) rs) 8 3) as) 
Ne = QiC1— TT AsCog t A3C36 T+ G44 + 556 t+ Wels. 


The \’s represent the temperature coefficients of stress when all the strains 
are zero. The negative sign indicates that a negative stress (a compression) 
has to be applied to keep the strains zero. If we substitute equations (38 
in the last of equations (35), the relation between increments of heat and 
temperature, we have 


dQ = Odo = OfArS; + AdS2 + AwS3 + AgS4 + AsS5 + ASE] 
+ [pC p~ Ol(a,Ay + aed, + a3A3 +- asA4 + Q5A\5 + agAg) |d0. 


If we set the strains equal to zero, the size of the element does not change, 
and hence the ratio between dQ and d@ should equal p times the specific 
heat at constant volume C,. We have therefore the relation 


pC. a Kel = B[arrA, +- ated + a3A3 + asA4 + Q5\5 + arg]. (40 


The relation between the adiabatic and isothermal elastic constants c, 
thus becomes 


A; A;9- 
o — 0 1 ] 
Cog S OG = ; . (41 
ply 
Since the difference between the adiabatic and isothermal constants is so 
small, no differentiation will be made between them in the following sections 


2. EXPRESSION FOR THE ELASTIC, PIEZOELECTRIC, PYROELECTRIC AND 
DIELECTRIC RELATIONS OF A PIEZOELECTRIC CRYSTAL 

When a crystal is piezoelectric, a potential energy is stored in the crysta! 

when a voltage is applied to the crystal. Hence the energy expressions of 

(31) requires additional terms to represent the increment of energy dl’. 

If we employ CGS units which have so far been most widely used, as applied 
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to piezoelectric crystals, the energy stored in any unit volume of the crystal is 
dU = T, dS; + T2 dS: + T3dS3 + T4dS4 + Ts dSs + T5 dS¢ 


) dD» d (42) 
+ EF, a + EB, - - + EB; Ds + Ode 
4m 4a 


tor 


where £, Ez and £; are the components of the field existing in the crystal 
and D,, De, and D; the components of the electric displacement. In order 
to avoid using the factor 1/4 we make the substitution 
D = 6. (43) 
4r 
The normal component of 6 at any bounding surface is éo the surface charge. 
On the other hand if we employ the MKS systems of units the energy of 
any component is given by F,dD, directly and in the following formulation 6 
can be replaced by D. 

There are two logical methods of writing the elastic, piezoelectric, pyro- 
electric and dielectric relations. One considers the independent variables 
as the stresses, fields, and temperature, and the dependent variables as the 
strains, displacements and entropy. The other system considers the strains, 
displacements and entropy as the fundamental independent variables and 
the stresses, fields, and temperature as the independent variables. The 
first system appears to be more fundamental for ferroelectric types of 
crystals. 

If we develop the stresses, fields, and temperature in terms of their partial 
derivatives, we can write 


\ ° 7 7 é or CN 
r= ot) is, + 37) is, + 27) as; + °C) dS, 
D.ve D.ve Die J Dye 


~ AS aS» aS; as, 
OT, . OT, ‘ iy 2 0 4 
1: 1S¢ 16 db. 
¥ =). eSs + =), e dS¢ + 06; /s.¢ db + 060/36 i 
yh 
+2) ity + 2D) dé 
063 / 8.6 Oo Js.D 
(44 A) 
aT iy . , OTs ‘ ey - 
I¢= 1S 1S» 1S; + dS 
. aaa. , ; . OSo Die ; + OS3 Dve : 7 OS; Dve P 
OTs OTe OTs - OTs 2 
1S 185 + d db, 
+ ar) o , . + ),. ; : + 06; a ” + =), a 


OTs OTs 
16 d 
+ 063 ).. ~s 0a a” 7 
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a =) dS, + mt) dS. + =) dS; + om) dS, 
Dve OS> Die @ Dve 





0S; 0S3/p OS, 
OF, OF, OF, =) 
. =), aan ¥ a), — + =). ™ r be Sie - 
OF, OF, 
° me ead Neo ™ 


E,= E, = 2) dS; + 2) dS, + 2) dS3 + 2) dS, 
Die Dw Die 





OS S2) v.- Ss aS. 
+ Fant Se), 4 + FE) + a 
10 = 33 )n09 + 5)n0 9 + Fo 8+ aS dou 


00 00 00 00 
*) 42) eee? ae we 
i). ‘+ 2) ot ° sled =O) ‘ 


00 06 
| a eS eo ae 
+t ),. a =. ‘ 


ae 


The subscripts under the partial derivatives indicate the quantities kept 
constant. A subscript D indicates that the electric induction is held 
constant, a subscript o indicates that the entropy is held constant, while a 
subscript S indicates that the strains are held constant. 

Examining the first equation, we see that the partial derivatives of the 
stress T, by the strains are the elastic constants c;; which determine the 
ratios between the stress 7; and the appropriate strain with all other strains 
equal to zero. To indicate the conditions for the partial derivatives, the 
superscripts D and ¢ are given to the elastic constants and they are written 
ci;’. The partial derivatives of the stresses by 6 = D/4m are the piezo 
electric constants /#;; which measure the increases in stress necessary to 
hold the crystal free from strain in the presence of a displacement. Since 
if the crystal tends to expand on the application of a displacement, the 
stress to keep it from expanding has to be a compression or negative stress, 
the negative sign is given to the /{; constants. As the only meaning of 
the /: constants is obtained by mea<uring the ratio of the stress to 6 = D/4r 
at constant strains, no superscript Sis added. However there is a differenc« 
letween isothermal and adiabatic piezoelectric constants in general, s 
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that these piezoelectric constants are written Wi i. Finally the last partial 
derivatives of the stresses by the entropy o can be written 


oT 1 6T 1 6T 8,0 
- > dé = . a Odo = - 3 dQ = ~ dO $5 
Oo Js.p 0 06 J/sv 0 da /s.v ? 


where dQ is the added heat. We designate 1/0 times the partial derivative 
as —y~” and note that it determines the negative stress compression 
necessary to put on the crystal to keep it from expanding when an increment 
of heat dQ is added to the crystal. The electric displacement is held 
constant and hence the superscripts S, and Dare used. The first six equa- 
tions then can be written in the form 


7a Doe Doo i Da Dae Doo Dag 
re = Cat) a. Cn2 So "? Cn3 93 + €xt06 1 CobOOT Cate 
$6) 
7 ia o + ,¢ . Sl 
ae h n10) — h n202 — Mn303 — Y>» dU 


To evaluate the next three equations involving the fields, we make use of 
the fact that the expression for dU in equation (42) is a perfect differential 
As a consequence there are relations between the partial derivatives, 


namely 
OTm OE, dT, 00 | dE, 00 ‘ 
0, ASn’ do cm ac 0. ; 
We note also that 
OE, s 
- = = 4B," +> 
06», S.e 


where @ is the so called “‘impermeability”’ matrix obtained fiom ‘he dielectric 
matrix €nm by means of the equation 


(—1)"""3"" 
Bmn = (49) 
A 


where A is the determinant 
ir, €12, 15 
A= €i2, 63 a 
Gin. €o2 , €33 
m,n . . ° : 
and A''” the minor obtained by suppressing the mth row and nth column 
The partial derivatives of the fields by the entropy can he written 


IE, 1 OE 1 OF,, ‘ ‘ 
— do = = = 6 ba = : : dv = -gn dQ (51) 
Oo /s.v © do /s.v 08 da J/sn 


S,D.- . ° . . 
where q, is a pyroelectric constant measuring the increase in field required 
to produce a zero charge on the surface when a heat 7Q is added to the 
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crystal. Since the voltage will be of opposite sign to the charge generate | 
on the surface of the crystal in the absence of this counter voltage a neg 
tive sign is given tog’. 

Finally the last partial derivative 


08 1 00 1 00 dQ 
lo = Ode = 10 = sy (5 
=), D xe 0 x), a 0 do )., ; ¢ pC “4 


represents the ratio of the increase in temperature due to the added amount 
of heat dQ when the strains and electric displacements are held constant 
It is therefore the inverse of the specific heat at constant volume and constant 
electric displacement per gram of material times the density p. Hence 
the ten equations of equation (44) can be written in the generalized forms 


Tn = CavSi + CazS2 + CaySs + ca¥Sa + creSs + cre Se 
—hi'16) — Hed — hinds — x” dQ 
E = —liwS: — HiwS: — liwSs — himSs — liwSs — AewSe + 40Butd: 
+ daiinads + 4m 82363 — gm dQ (53 
dO = —Olyi Si + 2" S2 + 73" Ss + y3°Sa + v3'"Ss aia we Sa 


S,D SDs S,D dQ 
—O[gi'7b: + 92°52 + 93°"6s) + ron 


n= 1to6;m = 1 tos 


If, as is usually the case with vibrating crystals the vibration occurs 
with no interchange of heat between adjacent elements dQ = 0 and the 
ten equations reduce to the usual nine given by the general forms 


. Do Do Doe Doe De Do 
T — Cri + CnoS2 a4 nd93 = nv4 + ¢ nb 5 + nt 6 


_ Ani 61 = h n202 = hn363 
(54 


Pi = — Vy _ hom S2 — hamS3 —_ PawS4 — Item 5 —- hom 6 
+ 42Bnidi + 4mBned: + 4Bnsds. 


In these equations the superscript o has been dropped since the ordinary 
constants are adiabatic. The tenth equation of (53) determines the increase 
in temperature caused by the strains and displacements in the absence ol 
any flow of heat. 

If we introduce the expression of equations (53) into equation (42) the 
total energy of the crystal is per unit volume. 
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7 i hh Mg Pesta PRY Pete a Pewee 4 > Of ¢. 6 hae S26 
2U = C11. 91 T 2012 Owe T 2013 0193 T2014» ; £015 Tr 216 O16 
: I I D 
eS + ) os »S +- lice S65 4 Qos 5 N 4 2ca6°S , 
Dia «2 Dv . D.e o . 
+033 5 + 2034 S353 + 2¢3§ S355 + 2036 Sa5¢ 
L 2 . 1 . 
+c4g Sg + 2ca5°SyS3 + 2 16 Sade 
WG 2 D 
T C55 S 2X 56 S Si 
D,e «2 o=\ 
T © 66 6 LSS) 


@en os eave 17 ¢ » ) 5 C " . 
_ (2h3161S) a Qhyoe eT 2435183 + 2h 1 101.54 4 24150195 +t 2/ 160m ds 
— (231625) 53 Qe 6eS2 + 1538053 + QhioseoSs + 2hdsd055 4 hog doS ¢ 


_ eo : Cee ao z 
— (231635; _ 2306350 sh 2h3363S3 is Qhas6a54 - 23553 Ss T Qhaed 6 


Ss 


— (21 SidQ + 23? SodO + 2y3'"S3 dO 


© Do © Deo SD : 
+ Qyy° SydQ + lys5' SsdQ + 276° SedQ 





rots ¢ S.0 «2 
T £0293 0003 + 033 03 


+4n[8i776; 4+ , 2612 ’ by eo 2+ 2813 6153 + 
S,D S,D S.De » (dQ)? 
— (29; bdQ + 2q2' bed QV 293° 63dV) + wD 


Equations (53) can be derived from this expression by employing the partial 


derivatives 


‘ AU AU AU 
T, = we - ££, = - . @ae= an (36) 
OS», 00m rn o(dV) 


The other form for writing the elastic, piezoelectric, pyroelectric and di 
electric relations is to take the strains, displacements, and entropy as the 
fundamental variables and the stresses, fields and temperature increments 
as the dependent variables. If we develop them in terms of their partial 


derivatives as was done in (44), use the relations between the partial deriva- 
tives shown in equation (57). 
Obm OS, OS, Og Obm ated — 
= - : = > = (35/4) 


OT, OEmn’ 00 aT,’ 00 OE, 


and substitute for the partial derivatives their equivalent elastic, piezo- 
electric, pyroelectric, temperature expansions, dielectric and specific heat 
constants, there are 10 equations of the form 











98 BELL SYSTEM TECHNICAL JOURNAL 


S, = sari = i Saale «i saa Ts + ers ?T, 3 3a sib Ts sw sho le + darE 
+ DoE, + d23E3 + aidA 
é.. => = d/n71 -} ds, Ae 3 -L a T3 + &.7 + &..7 -}- &..7T 


T.8 T,0 T.8 


+FRt+tS ht cme = Ey + pnd® (53) 


dQ = @ do = Ofat7 + az Ts + as T3 + an Ti t+ aosTg + afT 6| 
+ O[prE: + pre, + prE;) + pCydo. 
n= 1to6, m= 1to3 


The superscripts £, 0, and T indicate respectively constant field, constant 
temperature and constant stress for the measurements of the respective 
constants. It will be noted that the elastic compliance and the piezo 
electric constants d,,», are for isothermal conditions. The a” constants are 
the temperature expansion constants measured at constant field, while the 
p” constants are the pyroelectric constants relating the ratio of 6 = D 4r 
to increase in temperature dO, measured at constant stress. Since there is 
constant stress, these constants take into account not only the “‘true”’ pyro 
electric effect which is the ratio of 6 = D/4m to the temperature at constant 
volume, but also the so called “false” pyroelectric effect of the first kind 
which is the polarization caused by the temperature expansion of the crystal. 
This appears to be a misnomer. A better designation for the two effects 
is the pyroelectric effect at constant strain and the pyroelectric effect at 
constant stress. cS is the specific heat at constant pressure and constant 
field. 

If we substitute these equations into equation (42), the total free energ) 
becomes 


6 6 3 6 
2U = p +x te oa Dmd v 2>y > d'nol nEo +2 ps anT,d0 
m=l n=] n=1 0= n=l - 
3 3 T,.0 — 
+ USE EE, + 2% peo +" do, 
0=1 p=1 0=1 


Equation (58) can then be obtained by partial derivatives of the sort 


5. wu vg, 0 au 
a 0°” GEy? COSC)” 
By tensor transformations the expression for U’ in (59) can be shown to 
be equal to the expression for U in (55). 
The adiabatic equations holding for a rapidly vibrating crystal can be 
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obtained by setting dQ equal to zero in the last of equations (58) and elim 
inating dO from the other nine equations. The resulting equations are 


Sa = SET, + si2T2 + 5aaTs + suaTs 
+ sisTs + SreTs + dni E: + daeE2 + d,3 Es 
bm = din T1 + domT2 + dimT3 + dim Ts (00) 
os - ‘a ; ens . ane 7 
+ din Ts + den Ts + E, + — E2 + — Bs 
4n 4a 4dr 


where the symbol o for adiabatic is understood and where the relations 
between the isothermal and adiabatic constants are given by 


E E E T TT, T.0 , of 
Eve E.0 Am a,9 ‘ ri 13] Am Pe 9 Em n Emn PmPnO® 
Smn = Smn — =? as = dem — + = — a . 
pp pC > dor dr pC > 


Hence the piezoelectric and dielectric constants are identical for isothermal 
and adiabatic conditions provided the crystal is not pyroelectric, but differ 
if the crystal is pyroelectric. The difference between the adiabatic and 
isothermal elastic compliances was discussed in section (1.4) and was shown 
to be small. Hence the equations in the form (60) are generally used in 
discussing piezoelectric crystals. 

Two other mixed forms are also used but a discussion of them will be 
delayed until a tensor notation for piezoelectric crystals has been discussed 
This simplifies the writing of such equations. 


3. GENERAL PROPERTIES OF TENSORS 

The expressions for the piezoelectric relations discussed in section 2 can 
be considerably abbreviated by expressing them in tensor form. Further- 
more, the calculation of elastic constants for rotated crystals is considerably 
simplified by the geometrical transformation laws established for tensors. 
Hence it has seemed worthwhile to express the elastic, electric, and piezo- 
electric relations of a piezoelectric crystal in tensor form. It is the purpose 
of this section to discuss the general properties of tensors applicable to 
Cartesian coordinates. 

If we have two sets of rectangular axes (Ox, Oy, Os) and (Ox’, Oy’, Oz) 
having the same origin, the coordinates of any point P with respect to the 
second set are given in terms of the first set by the equations 


"= Ox+ my + ms 


® 
| 


U 


v = bx + my + rx (61) 


o! = bx + msy + naz. 
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The quantities (¢;, - --, 3) are the cosines of the angles between the varioi 
axes; thus , is the cosine of the angle between the axes Ox’, and Ox; n; t! 
cosine of the angle between Oz’ and Oz,andsoon. By solving the equatior 
(61) simultaneously, the coordinates x, y, s can be expressed in terms « 


x’, y’, 2’ by the equations. 


~ 


C= Cx! + boy’ + b3’ 
y = mx’ + mey’ + mz’ (6. 
z= mx’ + moy’ + 32’. 


We can shorten the writing of equations (61) and (62) considerably by 
changing the notation. Instead of x, y, s let us write 2; , x» , x3 and in plac 
of x’, y’, s’ we write x1, 29,3. We can now say that the coordinates with 
respect to the first system are a; , where 7 may be 1, 2, 3 while those with 
respect of the second system are x, , Where } = 1, 2 or 3. Then in (61 
each coordinate x, is expressed as the sum of three terms depending on the 
three x;. Each x; is associated with the cosine of the angle between the 
direction of x; increasing and that of x, increasing. Let us denote this 
cosine by a;;. Then we have for all values of j, 

, 


3 
Xj = AyjX1 + dojXe + a3;x3 = i Gi;%; (63) 


i=l 


Conversely equation (62) can be written 


3 
= : ms a;;X; (64 
j=1 
where the a,;,; have the same value as in (63), for the same values of 7 and /, 
since in both cases the cosine of the angle is between the values of x; and x 
increasing. Such a set of three quantities involving a relation between two 
coordinate systems is called a tensor of the first rank or a vector. 

We note that each of the equations (63), (64) is really a set of three equa- 
tions. Where the suffix 7 or j appears on the left it is to be given in turn 
all the values 1, 2, 3 and the resulting equation is one of the set. In each 
such equation the right side is the sum of three terms obtained by giving / 
or 7 the values 1, 2, 3 in turn and adding. Whenever such a summation 
occurs a suffix is repeated in the expression for the general term as a,x, 
We make it a regular convention that whenever a suffix is repeated it is 
to be given all possible values and that the terms are to be added for al! 
Then (63) can be written simply as 

, 


4; = i;%; 


the summation being automatically understood by the convention. 
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There are single quantities such as mass and distance, that are the same 
for all systems of coordinates. These are called tensors of the zero rank 
or scalars. 

Consider now two tensors of the first rank w; and 7. Suppose that each 
comy onent of one is to be multiplied by each component of the other, then 
we obtain a set of nine quantities expressed by u, 2%, where i and & are 
independently given all the values 1, 2, 3. The components of “; 7% with 
respect to the x, set of axes are u, 7,7, and 


é 2 e 
Uj; te = (Gi jUi) (Aegte) = Gij Ace Uity . 05) 


The suffixes 7 and k are repeated on the right. Hence (65) represents nine 
equations, each with nine terms. Each term on the right is the product 
of two factors, one of the form a; j;ax¢, depending only on the orientation of 
the axes, and the other of the form u,v, , representing the products of the 
components referred to the originalaxes. In this way the various ; vy can 
be obtained in terms of the original u jz. But products of vectors are not 
the only quantities satisfying the rule. In general a set of nine quantities 
w 4 referred to a set of axes, and transformed to another set by the rule 


t 
Wig = Ai jAne W ik 60) 


is called a tensor of the second rank. 

Higher orders tensors can be formed by taking the products of more 
vectors. Thus a set of » quantities that transforms like the vector product 
x, 4; +++ ¥pis called a tensor of rank 1, where » is the number of factors 

On the right hand side of (66) the i and & are dummy suffices; that is, 
they are given the numbers 1 to 3 and summed. It, therefore, makes no 
difference which we call i and which & so that 

; - 

Wye = Ai jAegWik = An jAifr rg . (O07) 

Hence wx¢ transforms by the same rule as w, and hence is a tensor of the 
second rank. The importance of this is that if we have a set of quantities 


| ey “j2 Wi 


We We Wz (68) 
W31 U32 U'33 


which we know to be a tensor of the second rank, the set of quantities 
2211 U'21 %'31 
“2 a2 8 U'32 (69 
“13.0 Weg "33 
is another tensor of the second rank. Hence the sum (w,, + w,;) and the 
difference (w , — w,;) are also tensors of the second rank. ‘The first of 
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these has the property that it is unaltered by interchanging i and k an 
therefore it is called a symmetrical tensor. The second has its componen: 
reversed in sign when i and & are interchanged. It is therefore an antisyn 
metrical tensor. Clearly in an antisymmetric tensor the leading diagon: 
components will all be zero, i.e., those with i = & will be zero. Now sin 


Wik = § (Wie + wes) +3 (Wik — Wei) (7 


we can consider any tensor of the second rank as the sum of a symmetrica 
and an antisymmetrical tensor. Most tensors in the theory of elasticit) 
are symmetrical tensors. 

The operation of putting two suffixes in a tensor equal and adding the 
terms is known as contraction of the tensor. It gives a tensor two ranks 
lower than the original one. If for instance we contract the tensor u, 2, 
we obtain 


UVi = Uy, + Uae + Ugts (71 


which is the scalar product of u; and 1 and hence is a tensor of zero rank. 

We wish now to derive the formulae for tensor transformation to a new 
set of axes. For a tensor of the first rank (a vector) this has been given 
by equation (61). But the direction consines f; to m3 can be expressed in 
the form 


Ox’ = XY dx’ Ax; Ox’ — Oxy 
A= = 5 m= HT mE SS 
Ox Ox, oy OX Oz 0X3 
dy’ — dxy dy’ — ax, dy Ox 
i, = 7, = —; Mm, = A = —;} n= — = ie (72) 
Ox Ox, oy Ox2 02 IX3 
t ds’ = Ox ds’ = 0x3 . ds’ =: 0X3 
= — = —, ° No = = — pS $ = = —_— 
a Ox Ox,’ - by Om’ dz = OX 
Hence equation {61) can be expressed in the tensor form 
ax, ™ 
x, = —! x; = ajj%;. (73) 
Ox; 


Similarly since a tensor of the second rank can be regarded as the product 
of two vectors, it can be transformed according to the equation 


, / , , 
Ar Ox; Oxy Ox; Ox, - 
XX, = ——— £s peed. = - —— XX 74 
— (3 ) (322 ) OX; OX, ; : 


which can also be expressed in the generalized form 


’ dx; ax; ” 
Wye = — —— Wi. (7 
it Ox; Ox; : 


a4) 
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In general the transformation equation of a tensor of the wth rank can be 
written 
Pr OXK, OX? OX%, ~ 
Xx, . = - X ee (76) 


* OX;, OX;, — 


4. APPLICATION OF TENSOR NOTATION TO THE ELASTIC, PIEZOELECTRIC 
AND DIELECTRIC EQUATIONS OF A CRYSTAL 


Let us consider the stress components of equation (7) 


Tir Ty T:: 
Tye Ty Ty: 
rT, x T, y T, 2 


from which equation (8) is derived 
T xy _ T yz } Ts = Des ; i = j pane 


and designate them in the manner shown by equation (77) to correspond 
with tensor notations 


Th Tr Tis Tu Tw Ti 
(Tn Tn Tx| = (Tx Tn Tx (77) 


“ 


| Tx T32 T 33 T13 T23 T33 


by virtue of the relations of (8). We wish to show now that the set of 9 
elements of the equation constitutes a tensor, and by virtue of the relations 
of (8) a symmetrical tensor. 

The transformation of the stress components to a new set of axes x’, y’, 2 
has been shown by Love‘ to take the form 


, 


, 


lus at a Tvs — mi T yy + nil: + 2fimT zy + 20m T:, + 2mm Ty; 
(78) 


, 


Tay = GGT 12 + mmeT yy, + NNT 22 + (Lime + 4m) T 1, + (fine + C21) T-. 


+ (mz + mm)T,, 


where ¢, to 3 are the direction cosines between the axes as specified by 
equation (61). Noting that from (72) 
a ox 


we 
OX; 

=z eee Nz = - 

Ox,’ ’ 


Ox; 
the first of these equations can be put in the form 


‘ See “Theory of Elasticity,’ Love, Page 80. 
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7 ax," ; day OXY 3 Ix, Ox, . 
Tin = ( era +! ao Tat oe ao Te 


Ox) 0 x) rs) Xe ‘ Ox; OX; 


* _— , ‘ iy “ . , , , 
Ox, OX; _. Ox, OX, OX, Ox, Ox 
-+- T21 + i 22 + T2 = Tre (i 


- * ~ - - 3> => 
Oxo OX, OX OX. OX3 Ox, OX 


, t , , - 
Ox; Ox; on Ox Ox, " Ox, 7 
+ Ta + = T32 +| —— T33 


OX3 Ox, OX3 Ox» 0X3 


while the last equation takes the form 


re TOR / / el / 
| Ox, OX» " Ox} OX» ‘ Ox OX» 
7 a 3 r 11 r r 12 : 7 13 
OX, OX, OX, OX2 Ox, OX3 
Pies a foro Pe , Pee , 
Ox; OXo ,, OX; OX2 »- Ox O%2 Ox, OX» 
eee "hae Brag el ee ee at = kf (ov) 
OX. OX) OX2 OXe OXe OX3 OX, Oxy 
, , | ’ , 
Ox] Ox» . Ox, OXe % Ox; OX m 
~~ Tn t+ — - 32 eke 33 
Ox; OX, OX3 OX OxX3 OX3 
The general expression for any component then is 
a / 
nis Ox; OX; 
= IT, (81) 
1) { 
Ox, OX 


which is the transformation equation of a tensor of the second rank. Hence 
the stress components satisfy the conditions for a second rank tensor. 
The strain components 


do not however satisfy the conditions for a second rank tensor. This is 
shown by the transformation of strain components to a new set of axes 
which have been shown by Love to satisfy the equations 


. 2 2a 20 1 ’ . ~ 
Sar = 41 Soa t+ MSyy + 11S22 + CemSay + GmSiz + mmSy: 


(82 


~ 


Ssy = 2iloSr2 + 2mimeSyy + 2S 2 + (Lime + fom1)Sxy 


+ (Lyne + nyl2)Si2 + (ming. + mm) Say. 











(A) 


‘his is 
axes 


(82 
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If, however, we take the strain components as 


‘ ac : : a ; : oc 
Su = Sa = =; S22 = Sy = pee n= Sy == 
Ox oy OZ 
Su, . thon, & _ 
a = Se = - = ; SS; = § == &. 
S13 S21 D 2 \ax t dy Sh, 31 5 (83 


1 /oz oc Py 1 foc / 
2 \Ox Ox ) 2 oy Oz 


the nine components 


|> Si Sis 

Sor Soe So | &3 
| 

Sa Sap S33 | 


will form a tensor of the second rank, as can be shown by the transformation 
equations of (82). 





The generalized Hooke’s law given by equation (22) becomes 


Vi = Cine See (84) 


¢ije¢ is a fourth rank tensor. The right hand side of the equation being 
the product of a fourth rank tensor by a second rank tensor is a sixth rank 
tensor, but since it has been contracted twice by having & and ¢ in both 
terms the resultant of the right hand side is a second rank tensor. Since 
Ci jee iS a tensor of the fourth rank it will, in general, have 81 terms, but on 
account of the symmetry of the 7°,, and S;¢ tensors, there are many equiva- 
lences between the resulting elastic constants. These equivalences can be 
determined by expanding the terms of (84) and comparing with the equiva- 


lent expressions of (22). For example 


Vu = cuaSie + CuwSi2 + CinsSis 
FH crSer + CrreS22 + CraSe2 (85) 
+ C3931 + C1132532 + C1335 
Comparing this equation with the first of (22) noting that Sy Sa = 
Ae ie. 
etc., we have 
2 ? ’ 
Cun = Cu, Cine = Cha = Cro 5 Cuss = C13 5 C13 Cus, = Che. 
(80) 
Cues = Crz 5 Cres = Crrse = Cra. 
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In a similar manner it can be shown that the elastic constants of ( 
correspond to the tensor elastic constants c; xg according to the relafion 


Cu = Cran 5 Cia = Crse = Con 5 Cig = Criss = Cas » Cia = Cris = Cruse = 


Cos = C3enr 5 C16 = Cains = C13 = Cig, = Cai; C16 = Cuz = Cua = Cian = 


Coin ; Coz = Cone , Cog = Coosz = Csgee ; Con = Coney = Corsa = Cosee = Coo ; 


Cog = Cons = Coon = Cisee = Caiee ; C26 = Cone = Coon = Cises = Cais , Cz3 = 
Caa33 5 C34 = Ca303 = Coase = Cossz = Coss 5 C36 = 3313 = Ca331 = Cissz = C133 ; 

(87 
C36 = C312 = C3301 = C1233 = Coisg » C44 = Coge3 = Cra32 = C3203 = Cooze 5 Cag = 


Cons = Cosi = Cons = Coos, = 1203 = 18892 = Cosa = Cores » Cag = Crs = 
Cogan = Caoi2 = C3221 = Ciz2g = Crose = Coi03 = Coize » C55 = Cizis = Cisg3 = 
C313 = Csis1 » C6 = Cisig = Ciza = Cane = Cain = Cins = Cig = Coz = 


Casi » Cog = Cine = Cron = Cone = Coin. 


Hence there are only 21 independent constants of the 81 c;jx¢ constants 
which are determined from the ordinarily elastic constants c,; by replacing 


1 by 11; 2 by 22; 3 by 33; 4 by 23; 5 by 13; 6 by 12 (88) 


and taking all possible permutations of these constants by interchanging 
them in pairs. 
The inverse elastic equations (26) can be written in the simplified form 


Sis = Sine Te- (89) 


By expanding these equations and comparing with equations (26) wecan 
establish the relationships 


S14 
Sir = Stas 5 Si2 = Sitrz2 = S201 5 Siz = S133 = S3311 ; 2 = Si103 = Stise = So3n = 
a) | a - oe 516 va 
53211 5 = Sins = San = Sign = San 5 = =~ Snes = Sin * San * Sm 5 
Z 2 
S24 525 
Soo = S002 5 523 = So233 = Sa302 ; = Soo03 = Soo3o = Segoe = S222 5 _ 
Z 2 
(90 A 
— —_— — ~ . 526 _ 
$2013 = $2031 = Sis2e = Saree ; D = Seo12 = So201 = Si222 = S222 5 S33 = Sagas 5 
534 os es — Sse sail ay 536 
= $3303 = Sa332 = So333 = Soe33 5 =~ = Sa313 = S3331 = Sisss = Ssisza ; _ 


2 2 2 





en 











stants 


lacing 
(88) 


nging 


orm 
(89 


) 


vecan 


90 A 
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P 544 oe ce 7" S45 
S$3g12 = S331 = Si233 = 52133 5 iy $2323 = $2332 = S3203 = 53232 ; = So313 = 
—_— —_ ~ —_ 546 _— ~ - 
$0331 = S323 = S3ea1 = Size3 = Siz32 = S3i23 = S3is2 5 — = So3z12 = San = 
+ 
. (90 B) 
~ —_— — ~ —— ~ . 555 — — - — - 
Sgor2 = Sae01 = Siz23a = Sioze = S2123 = Saize ; —= 34 =~ Ji = Sous = 
4 
556 — ‘alt Ss are ae Pa ‘ . 
$3131 a} = Sigi2 = Sisa = Sane = S3in = Sins = Sioz1 = Sons = Soigzi ; 
566 ae ‘i 
4 = Sine = Sie = Sanz = Sei. 


Here again the s;,4¢ elastic constants are determined from the ordinary 
elastic constants s;; by replacing 
1 by 11, 2 by 22, 3 by 33, 4 by 23, 5 by 13, 6 by 12. 
However for any number 4, 5, or 6 the elastic compliance s,;; has to be di- 
vided by two to equal the corresponding s;j.¢ compliance, and if 4, 5 or 
6 occurs twice, the divisor has to be 4. 
The isothermal elastic compliance of equations (39) can be expressed 

in tensor form 

. 0 aye 

Si; = Sixt Tet + a,; dO (91) 
where as before a;; is a tensor of the second rank having the relations to 
the ordinary coefficients of expansion 


a = Ay; a2 = Ae; as = 33 ; = dis ; 


The heat temperature equation of (35) is written in the simple form 
dQ => + Ael Txt 06+ pC p de. (92) 
By eliminating dO from (92) and substituting in (91) the adiabatic constants 
are given in the simple form 
a,;a.tO0 
pUp 
The combination elastic and piezoelectric equations (60) can be written 
in the tensor form 


Sine = Sujet — (93) 


r 
. q , €mn . 
S6; = si iee Txt + Cmsi Pie ; bp _ jn En + dake taf (94) 


? 
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. - . T Tp 
Here d»;; is a tensor of third rank and €m, one of second rank. The « 
constants are related to the eighteen ordinarv constants d;; by the equat 


dy; diy 3 dy = di29 ,di3 = digs SS ans dy23 = digo ‘os = dys = dis . 
a = dy. = din 3 da = doy) 5 do: = Ayo 5 dog = dogs 3 = ily, = doge . 
2 = to yay S = doy doo, 3 d31 = dain 3 d32 = dg 5 d33 = 333 | 
- = 1393 . 330 e- = day; = 331 oh = 319 ” 391 . 


The tensor equations (94) give a simple method of expressing the pir 
electric equations in an alternate form which is useful for some purposes 
Chis involves relating the stress, strain, and displacement, rather than th 
applied field strength as in (94). To do this let us multiply through the 
right hand equation of (94) by the tensor 4p, , obtaining 


P< T T ; oe 
WG. 20, = Geatan Fn +t ford nk€ Bmn T xt YO 


1 . e ’ . ° . eee . . 
where Bm» is a icnoor of the “free” dielectric impermeability obtained fron 
the determinant 


t 


e 
T m+n ie n - 
Bin = (—1) 9; 
A‘ 
ere : 
whe ed isthe determinant 
: 2 1 ie 
}€11 €12€13 
— | 
T T T 
A = }€12  €22 €2s | WS 
| T T T 
€13 -€23 €33 | 


i . . e . . 
and Aj, the minor obtained from this by suppressing the mth row and ut! 
> T T ° 
column. If we take the product €,,, 8» for the three values of m, we have 
as multipliers of A, , Fy, Es , respectively 


T OT Poe) 
€11 Bir + €12 Bi2 + €13 Biz = 1 


T T if 4 T 7 

€21 B21 + €22 B22 + €23 B23 = 1 (99 
Tr af T af T of 

€31 B31 + €32 Baz + €33 B33 = 1. 


But by virtue of equations (97) and (98) it is obvious that the value o! 
each term of (99) is unity. Hence we have 


Em = 4nBan bn — (40 dant Bmn) Tet. (100 
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nce the dummy index is summed for the values 1, 2, and 3, we can set 
ie value of the terms in brackets equal to 


Bmkl = 4m dal Bian = 4m[diee Bar + doxt Bao + dee Bns] (101) 
and equation (100) becomes 
Em = 4 Ban Sn — Smet Tel - (102) 
Substituting this equation in the first equations of (94) we have 
Sij = Soin Tee + gis bn (103) 
where 


D E E »T ) ] 
Sijkl = Sijkl = dni j Lmkl a Sijkl — 4i[Bmn d nkl Ami j\- 


By substituting in the various values of 7, 7, k and ¢ corresponding to the 21 
elastic constants, the difference between the constant displacement and 
constant potential elastic constants can be calculated. If equations (102) 
and (103) are expressed in terms of the Sj,---, Sg strains and 7),---, 7s 
stresses, the g,;; constants are related to the g;; constants as are the corre- 
sponding d;; constants to the d,;; constants of equation (95). 

Another variation of the piezoelectric equations which is sometimes em- 
ployed is one for which the stresses are expressed in terms of the strains 
and field strength. This form can be derived directly from equations (94) 
by multiplying both sides of the first equation by the tensor ct;4¢ for the 
elastic constants, where these are defined in terms of the corresponding 
st; elastic compliances by the equation 


al aa 


ch, = (—1)°"” a4; /A (104) 


where A is the determinant 


KE LE E _E 
Sit Sia S13) Sia Sis S16 
E E _E , E 
Si2 Sa2 So3 Sog S25 S26 
E B 
| as _ \513 S23 S33 534 «S35 = (536 
E E E 


E EB E E E E 
Si6 So6 S36 Sse S56 S66 


ef. F : é ; 
and A;; in the minor obtained by suppressing the ith row and jth column. 
Carrying out the tensor multiplication we have 


chike dij = Cisee siike Tx sa dns; Cizel En . (105) 
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As before we find that the tensor product of cfjx¢ Sije¢ is unity for all va 
of kand ¢. Hence equation (105) can be written in the form 
Tit = chat Si; — mkt Em (146 
where e,,4¢ 1s the sum 
Cae = Ami; Cijkl (107 


currn ed for all values of the dummy indices 7 andj. If we substitute the 
equation (106) in the last equation of (94) we find 
8S 
Emn po , 
bn = a Em + Cnig Dij (108 
4m 
where ¢,, the clamped dielectric constant is related to the free dielectri: 
T . 
constant €m, by the equation 


s 4 
Emn = mn — Aa[d nxt Em]. (109) 


Expressed in two index piezoelectric constants involving the strains Sy: - -Sy, 
and stresses Ty: - + 7,2 the relation between the two and three index piezo- 
electric constants is given by the equation 


Qn = Cin 5 Cia = Cize , Cis = Cas 5 Cig = Crea = Crise 5 Cig = Crs = Cin ; 
Cig = Cra = Cia ; C21 = Can , Coo = Cage , C23 = C233 , Coq = C223 = Caz2 | 
(110) 
Cog = Cais = Coz , Cog == Core = Con , Csi = Can , Cs2 = Caza 5 Cox = Caa3 ; 
C34 = C323 = C330 5 C35 = C313 = C331 , C36 = C312 = C321 - 


Finally, the fourth form for expressing the piezoelectric relation is the 
one given by equation (53). Expressed in tensor form, these equations 
become 


Tx _ Cree Si; — nk 6» ) 1 AS = 48>, » bn x Nin ij S 5 (111) 


In this equation the three index piezoelectric constants of equation (111) are 
related to the two index constants of equation (53) as the e constants of 
(110). These equations can also be derived directly from (106) and (108) 
by eliminating £,, from the two equations. This substitution yields the 
additional relations 


hire = 4rent i. : Crike = Crike + Cm hnij = Chike 412 
Z) 
+ dr Emil Enij Bmn 


where 


s 2S 


go, = (—1)"*" as/A 


“ 








1 val ses 


(108 
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! plezo- 
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— 


in which 
8 S 8 
€11 €12 E43 
Ss S 
€o €23 


> 


s s 
€13 €223 -€33 


The four forms of the piezoelectric equations, and the relation between 
them are given in Table I. 


TABLE I 
Four ForMs OF THE ELastic, DIELECTRIC, AND Piezo ELectric Equations 
AND THEIR INTERRELATIONS 


Form | Elastic Relation Electric Relation 
ee, a a fan 5 
1 Sig = Six ce we i jfom 6, = En+dnetTit 
dr 
. D . . T . 
2 Sig = SepelT el + gnijdn Em = 44Bmrndn — omklT ef 
gE Ss 
3 Tre = C5 j¢eSij — Cmk(Em a ee Pe, 
tr 
. D . . Ss . 
4 Tet = Ci je(Sij — bnkfin En = 49Bendn — hniiSi; 
Coen Relation Between Relation Between Relation Between 
Elastic Constan.. Piezoelectric Constants Dielectric Constants 
. a T T 
L | Seine = Stine — Smisbmal | Smal = 4eBT dag | BE = (— 1) af at 
2 | 8 on as 1 i+j) sE ek -_ d gE Ss an, , . 
C; ( ) A. /& Canal = Gniit...2 € = € dor ( dine mel) 
| 7 2 ijkl mn mn . 
| .D : s Pnkl mil 
3 | Ci ikl = CF ae + Cmk (Bini j hun = dnp ey f. = ft e + :> - 
=e ae wane s s 
| oe (itj),S Ss ae l 8 ve minya€ € 
4 t= (-—1) a); A hinkl = &ni jC sie = 1 Aon A 


5. EFFECT OF SYMMETRY AND ORIENTATION ON THE DieLectric Pirzo- 
ELECTRIC AND ELASTIC CONSTANTS OF CRYSTALS 


All crystals can be divided into 32 classes depending on the type of sym- 
metry. These groups can be divided into seven general classifications 
depending on how the axes are related and furthermore all 32 c! 
be built out of symmetries based on twofold (binary) axes, threefold (trig- 


asses can 


onal) axes, fourfold axes of symmetry, sixfold axes of symmetry, planes of 
reflection symmetry and combinations of axis reflection symmetry besides 
a simple symmetry through the center. Each of these types of symmetry 
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result in a reduction of the number of dielectric, piezoelectric, and elast 
constants. 

Since the tensor equation is easily transformed to a new set of axes 
the transformaion equations (76) this form is particularly advantage 
for determining the reduction in elastic, piezoelectric and dielectric co 
stants. For example consider the second rank tensors, ¢,¢ and a,¢ for t 
dielectric constant and the expansion coefficients. Ordinarily for the mo 
general symmetry each tensor, since it is symmetrical, requires six inc 
pendent coefficients. Suppose however that the X axis is an axis of twofo 
or binary symmetry, i.e., the properties along the positive Z axis are t! 
same as those along the negative Z axis. If we rotate the axes 180° abou 
the X axis so that + Z is changed into — Z, the direction cosines are 


Ox; Ox; Oxy 
4=—=1; mm =— =0; = — =0 
, 0 OX, ' OX ‘ 0x3 
Ox; Ox; dx: 
4 = — =0: ez — = —|: fo az —— op 0) 2) 
ae Oxo : Ox3 (113 
Ox; 0x3 Ox; 
4£=— =-0; m= — =0; = — = =], 
, Ox, : Ox . OX: 


The tensor transformation equations for a second rank tensor are 


’ Ox’ ax; 
ej = Ons axe 8° (114 


Applying (113) to (114) summing for all values of & and / for each value oi 
i, and j we have the six components 


, , / , , , o 
€11. = 15 €12 = — E12 5 €13 = — €13 5 €22 = €02 5 €23 = €23 5 €33 = €33. (115) 


Since a crystal having the XY axis a binary axis of symmetry must have the 
same constants for a +Z direction as for a —Z direction, this condition 
can only be satisfied by 


€2 = €&3 = VU. (116) 


The same condition is true for the expansion coefficients since they form a 
second rank tensor and hence 


ae = ay = 0. (117) 


In a third rank tensor such as di jx, Ci jk, Ziik» Aije, WE similarly find that 
of the eighteen independent constants 


hue = Ine 3 hus = Mis } hon = hay } hoo. = hop 3 ho = hog ; 
(118) 


hoss = hos 5 Maun = Mar 5 M22 = Its 5 ha23 = Isa 5 ha33 = Ass - 


are all zero. The same terms in the d; jx, i jx , Zi jx tensors are also zero. 





forn 
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In a fourth rank tensor such as ¢;jx¢, Sije¢, applying the tensor trans- 
formation equation 


— Ox; ax’ Ox, Axe 
Ci jel — OXm ax, ax, ax» Cmnop (119) 


and the condition (113) we similarly find 
Cis = Cig = C25 = Coe = Cop = Crp = Cas = Can = O. (120) 


If the binary axis had been the Y axis the corresponding missing terms 
can be obtained by cyclically rotating the tensor indices. The missing 
terms are for the second, third and fourth rank tensors, transformed to 
two index symbols, 


€23, €12 ; hn , hy , Ny , hs, hag ’ hoe , Nar, hse, hss , hs ; 


(121) 
C14, C16, Coa, C26, C34, C36, C45, Co5- 
Similarly if the Z axis is the binary axis, the missing constants are 
€i3 , €12 5 hu, his ’ hys , hye ’ hoy ’ hao , hog , hog , hss, has ; 
(122) 


C14, C15, Coa, C25, C34, C35, Cae, Coe- 
Hence a crystal of the orthorhombic bisphenoidal class or class 6, which 
has three binary axes, the XY, Y and Z directions, will have the remaining 
terms, 


€11, €22, €83 ; Iya, hos , se > Cir, C12, C13, C22, C23, €33, C44, C55, CoE (123) 
with similar terms for other tensors of the same rank. Rochelle salt is a 
crystal of this class. 


If Z is a threefold axis of symmetry, the direction cosines for a set of 
axes rotated 120° clockwise about Z are, 





ax; - dx} Ox; 
f,=—-=-5; m, = = — 866; = '=() 
Ox) OX» OX3 
Ox ans a dx; 
l, =——!- = 866 ; me = — =—.); Ny = - “=f (124) 
Ox) OX2 OX3 
x5 ax; ax; 
f= — =0; m = — =0; my = — = 1. 
? Ox) 7 OX ’ : OX3 


Applying these relations to equations (114) for a second rank tensor, we 
find for the components 
hs = 251 > 433 €12 + 15 €29 . ene = — 4336; + 25 €i2 T 433 €09 


, a , = = - ar 
€13 = —.5€13 — 86663 ; €22 = .75€ — 43362 + .25€2 (125) 


’ . on , 
€93 = 866 €13 — .J€og ; Esp = Cag 
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. ° . ° e , , 
For the third and fifth equations, since we must have €13 = 13 ; €23 = € 


in order to satisfy the symmetry relation, the equations can only be satis 


fied if 


Similarly solving the first three equations simultaneously, we find 
é2 = 0; en = ex. 
Hence the remaining constants are 


€ip = Coe, Cas - 


oe 9 


(126 


(127 


(128 


Similarly for third and fourth rank tensors, for a crystal having Z a trigonal! 


axis, the remaining terms are 
yy, Ing = —hy, ns = 0; Mua, Mas, Ing = —Aee 
hn = —heoe, hee , hes = 0, hos = Mis ; has = —hug, tn = —hn 


hig, 3 hgo = hai 3 hag ; eg = 0; Itg5 = 0; hag = O 


Cu 5 C12 3 Cis 3 C14 5 Cig = — C25 3 C16 = O 


Cie 5 Con = Cu 5 Cog = C13 5 Con = — C14 3 C25 5 Cop = O 
C13 3 C25 = Ci3 5 C33 5 C3 = 03; C35 = 03 c3gp = O 


Cia 5 Cg = — C4 5 C34 = 03 Cag 5 Cas = O35 Cas = C15 


C16 = — C25 5 C25 3 C35 = O; C45 = O53 C55 = Cag 5 C56 = C14 


ae me ee ENE SW ck ee Ces) An 
Cis = O}; Cog = O; C36 = O} Cap = Co5 3 C56 = C14 3 Cos = 3 (Cur—-Cr2)- 


(130) 


If the Z axis is a trigonal axis and the X a binary axis, as it is in quartz, 
the resulting constants are obtained by combining the conditions (116), 
(118), (120) with conditions (128), (129), (130) respectively. The resulting 


second, third and fourth rank tensors have the following terms 
1; 42 = 0; 43 = 0 
2 = 0; 2 = 1; €3 = 0 


€i3 = 0; €23 = 0; €33 
Ay : Aye —= —hy > Ing = Q; hy Mis = 0; hig = () 
hoy = 0; hoe = 0; hiog = QO; hog => Q; hos = —hy4 * hog = —hy 


h3, = Q; Ngo = 0; h33 = 0; hag = Q; h35 = (0; hg = () 


(131) 


(132) 








Cu; 
C12 5 
C13 5 
C14 5 


C165 | 


Mc 
Mc 
Mc 


Ort 
Cle 


Ci 
Cl. 
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Cu 5 C12 5 Cra 5 C14 5 C15 = 0: cg = 0 
Cig 5 Con = Cur 5 Coz = C13 » Cog = — Cra 5 C25 = 0: cos = 0 


2 “ 


Cis 5 C23 = C13 5 C33 3 C38 = 0; C35 = 0; C35 = O 


(133) 
C4 Cu = C4 5 = O; cau 3615 = O; Cag = O 
C15 = 0; Cos = 0; c35 = 0; Cas = O3 C55 = Coa 3 C56 = Crs 
Cis = 0; cop = 0; cap = 0; C25 = 0; Cos = Cra 3 Coe = 3 (Cur-C12). 


5.1 Second Rank Tensors for Crystal Classes 
The symmetry relations have been calculated for all classes of crystals. 


For a second rank tensor such as ¢€;;, the following forms are required 


Triclinic Classes 1 and 2 én, 12, 13 


Monoclinic sphenoidal, ¥ a binary axis, Class 3 o,0 . as 
Monoclinic domatic, Y a plane of symmetry, Class 4 
Monoclinic prismatic, Center of symmetry, Class 5 


Orthorhombic e1,0 ,0 
Classes 6, 7, 8 

0 @ €2 , 0 (134) 

0 ,O , € 
Tetragonal, Trigonal a,0 ,0 
Hexagonal 
z i 0 ,en,0 
Classes 9 to 27 

0.0 .@& 
Cubic €i11, 0 “ 0 
Classes 28 to 32 

0 » 11 0 

0 ,0 €11 


5.2 Third Rank Tensors of the Piezoelectric Type for the Crystal Classes 


Triclinic Assymetric (Class 1) No hy, Ine, Ins, na, Mas, Ais 
Symmetry 


hy , hee , hes , hes, hes , hie 


hay , Misr, Naa, hia, leas, has 
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Triclinic pinacoidal, (center of symmetry) 4 = 0 (Class 2) 


Monoclinic Sphenoidal (Class 3) V is (0 50 ,0 ,Au,O , Are! 
binary axis | hoy , hee, hog, 0, hog , O | 
0 ,0 ,0 , he, 0 , hes | 
Monoclinic domatic (Class 4) Y plane | Iu, hz, his,90 , ns, O 


is plane of symmetry 


10 , 0 , 0 hu, 0 » hag | 
| Misr, Ase, has , O » Ay , 0 


Monoclinic prismatic (center of symmetry) / = 0 (Class 5) (135 


Orthorhombic bisphenoidal (Class 6) |0 ,0 ,0 ,hu,0 ,0 | 


X, Y, Z binary axe: | 
x, aioe 10 ,0 ,0 ,0 , hos, 0 


’ ’ 


4+ +A 


Orthorhombic pyramidal (Class 7) Z |0 ,0 ,0 ,0 ,My.,0 


binary, Y, }’, planes of symmetry 
) I ) ; 10 .0 .0 , hy, 0 


’ ’ 


0) 


J 


hy 9 h3o ‘ hss ss 0 ‘ 0 0 
Orthorhombic bipyramidal (center of symmetry) # = 0 (Class 8) 
letragonal bisphenoidal (Class9) {0 , O ,O , Ans, ng, 0 


Z is quaternary alternating rr 


, 0 ,0 , —his, du, 0 
\tis1, hn, O , O 0 , hye 

Tetragonal pyramidal (Class 10) Z |0 ,0 ,O0 ,fAuys, dns, 0 

is quaternary ea ee ee 


hg. hz, h33,0 , O 0 
Tetragonal scalenohedral (Class 11)Z 0 ,0 (0 ,Ay,O ,0 
quaternary, X and J’ binary ee ee 
10 ,0 ,O0 ,0 ,0 , hes | 


Tetragonal trapezohedral (Class 12) '0 ,0 ,0 ,Ay, O ,0 
Z quaternary, X and Y binary 





































Di 
qu 
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Tetragonal bipyramidal (center of symmtery) / 


Ditetragonal pyramidal (Class 14) 7 
of 


quaternary, VY and J} 


symmetry 


planes 


0) 
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= 0 (Class 13) 


on Oe ee 6 


Ditetragonal bipyramidal (center of symmetry) /; = 0 (Class 15) 


Trigonal pyramidal (Class 


16) Z trigonal axis 


hy) ’ 


Trigonal rhombohedral (Class 17) center of symmetry, 7 = 0 


Trigonal trapezohedral (Class 
18), Z trigonal, Y binary 


Trigonal bipyramidal (Class 
19), Z trigonal, plane of 
symmetry 


Ditrigonal pyramidal (Class 
20) Z trigonal, V 
symmetry 


plane ol 


My , 


Ditrigonal scalenohedra! (Class 21) center of symmetry, 4 = 0 


Ditrigonal bipyramidal (Class 
22) Z trigonal, Z plane of sym- 
metry and J’ plane of symmetry 


Hexagonal pyramidal (Class 23) 
Z hexagonal 


Hexagonal trapezohedral (Class 
24) Z hexagonal, Y binary 


Ay, 


—hiyn,O hy, Ins, —he 
log, O , ys hy hy 
Itz, , hte, , O 0) 0) 

—Jny, 0 dy, 0) Q 
oe .8 6 —liy, —hy 
6 <0 0 0) 

—fy, 0 0 () any 
I o 0 0) — ft) 
ef 0... @ () 
o..0-.6 his h 
loo , O , Ing () 0) 
hs, , tag, O 0) 0 

—/ny , O 9 0 
0 0 0 0 — fry) 
0 0) 0 O Q 
0 O , Ing Mis , 0 
0 ,O , his, —lus 0 
hts, , ha, , O 0 () 
0 .0 hu 0) 0 
0 ,0 ,0 ,—hky, O 
oe .8 .@ 0) 0 
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Hexagonal bipyramidal (Class 25) center of symmetry, 4 = 0 


Dihexagonal pyramidal (Class 26) YX |0 ,0 ,0 ,0 , 5,0 | 
hexagonal }¥ plane of symmetry 0.0 ,0 ,hs,0 ,0 | 


| hts: , Hai, A33 , O :v ,o | 
Dihexagonal bipyramidal (Class 27) center of symmetry, h = 0 


Cubic _ tetrahedral-pentagonal-dedo- |0 ,0 ,0 ,4u,0 ,0 
cahedral (Class 28) X, Y’, Z binary lo * 4% tee 


| 
10 ,0 ,0 ,0 ,O , hu 


Cubic pentagonal-icositetetrahedral (Class 29) h = 0 


0 


Cubic, dyakisdodecahedral (Class 30) center of symmetry, / 


Cubic, hexakistetrahedral (Class 31) (0 ,0 ,0 ,du,0 ,0 
; » " 7 at F > altern: ti y 
XY, , Z quaternary alternating 0 ,0 ,.0 ,0 ,du,0 


10 ,O ,0 ,0 ,O0 , hu 


0 


Il 


Cubic, hexakis-octahedral (Class 32) center of symmetry, h 


This third rank tensor has been expressed in terms of two index symbols 
rather than the three index tensor symbols, since the two index symbols 
are commonly used in expressing the piezoelectric effect. The relations 
for the / and e constants are 


his, his, hig are equivalent to hos, Ais, Rie (136) 


in three index symbols, whereas for the d;; and g;; constants we have the 
relations 


1 ' d; . ~ 
= ’ ae , = are equivalent to djo3, diss, dire (137) 
Hence the d; relations for classes 16, 18, 19, and 22 will be somewhat dif- 
ferent than the 4 symbols given above. These classes will be 








Cle 


Cl 


Cl 


Cl 


M 


m¢ 








Class 16 


Class 18 


Class 19 


Class 22 
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| du —dy 0 dis dis — 2dx 


es dx O dis —dy —2dy 


ds dy, dz O 0 0 


(138) 


| — doe dyn 0 0 0 —2dy 
0 0 00 90 0 


di —dyy 0 0 0 0 
0 0 0 0 0 — 2d) 
0 . 26%. 4 


5.3 Fourth Rank Tensors of the Elastic Type for the Crystal Classes 


Triclinic 


moduli 


Monoclinic 
(Classes 3, 4 and 5) 12 


moduli 


System cu C1 C13 Cia «(C15 C16 
(Classes 1 and 2) 21 


The s tensor is 
entirely analo- 
C12 C22 €23 7 an ) a ‘ 


gous 
13 €23 C33 C3435 0386 
O14 C24 C34 C44 C45 O46 
15 «4250 6 635 45 8G 
Cie «C06 = C368 Cae CeCe (139) 


System On C12 C13 0 Cis 0 The s tensor 1S 
entirely analo- 
Ci ng OO cs =O 
gous 
13 C23 C33 0 C35 0 
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Rhombic System 
(Classes 6, 7 and 8) 
9 moduli 


Tetragonal system, 7 
a fourfold axis (Classes 
9, 10, 13) 7 moduli 


Tetragonalsystem, Za 
fourfold axis, Y a two- 
fold axis (Classes 11, 
12, 14, 15) 6 moduli 


Trigonal system, 7 a 
twofold axis, (Classes 


16, 17) 7 moduli 


ll 


O14 


—™ C26 


On 


C13 


— C14 


C25 


18 


C13 


€33 


€13 


C13 


C33 


(13 


C13 


Q () The s tensor 
entirely anal 

0 0 y ana 

| gous 

0 0 

0 0 

cs CO 

0 C66 

0 C16 The s tensor | 

| entirely analo 

() — C16 ¥ 
gous 

0 Q) 

0 ] 

Cw 0 

0 C66 

0 0 | The s tensor is 
entirely analo- 

0 0 ’ 7 
gous 

QO 0 

0 0 

ty OO 

0 C66 

(5 «860 The s tensor is 


| analogous ex- 


C25 ft) 
cept that sa = 
0 0 2525 s S66 = 2514 ’ 
See = 2(S1 — Sto 
Q i 5 
C44 14 
Cu C12 
C14 o- 








IS 
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Trigonal system, Z a | 


trigonal axis, X a 
binary axis (Classes 
18, 20, 21) 6 moduli 


Hexagonal system, Za 
sixfold axis, Y a two- 
fold axis (Classes 19, 


22, 23, 24, 25, 26, 27) | 


5 moduli 


Cubic system (Classes 
28, 29, 30, 31, 32) 3 
moduli 


Isotropic bodies, 2 
moduli 


Cu 


C12 


C13 


C14 


Cu 


C12 


C13 


C12 


cu 


C13 


—(4 


C13 


Cig Cw 0 


C13 


C13 


C33 


tu «(OO 0 | The s tensor is 
analogous’ ex- 
cept that ss. = 
0 0 0 2514 ; See = 
| 2 se 
cu («0 0 2(su S12) 
0 Cag Cw 
Cu — C2) 
0 Cw anes = 
0 0 0 The s tensor is 
0 0 analogous _ex- 
cept See ot 
0 0 0 2(su o— $12) 
C44 0 0 
0 C4 0 
0 0 a1 — C12 
2 
0 0 0 The s tensor is 
— 0 entirely analo- 
gous 
0 0 0 
C44 0 0 
0 C44 0 
0 O Cu 
0 0 0 The .s tensor 
0 Oo 0 analogous ex- 
cept last three 
0 0) 0 diagonal terms 
< 2(: —. 
ae are 2(si S12) 
2 
= 6 
y 
0 0 Cu — Cy 
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5.4 Piezoelectric Equations for Rotated Axes 


Another application of the tensor equations for rotated axes is in deter 
mining the piezoelectric equations of crystals whose length, width, and thick 
ness do not coincide with the crystallographic axes of the crystal. Suc! 
oriented cuts are useful for they sometimes give properties that cannot b: 
obtained with crystals lying along the crystallographic axes. Such proper 
ties may be higher electromechanical coupling, freedom from coupling to 
undesired modes of motion, or low temperature coefficients of frequency 
Hence in order to obtain the performance of such crystals it is necessary to 
be able to express the piezoelectric equations in a form suitable for these 
orientations. In fact in first measuring the properties of these crystals a 
series of oriented cuts is commonly used since by employing such cuts the 
resulting frequencies, and impedances can be used to calculate all the pri- 
mary constants of the crystal. 

The piezoelectric equations (111) are 


Tie = TAYE a hnredn ; En = dBm nd ro huis 53 ° (111) 


The first equation is a tensor of the second rank, while the second equation is 
a tensor of the first rank. If we wish to transform these equations to another 
set of axes x’, y’, s’, we can employ the tensor transformation equations 


T', = Ax, axe =a ax, ax, 
” OX, Ox, Ke OX, Ox 
(clieeSu + 2croee Sia + 2chseeSis + crore Se 
Be: tae D Ox, dx, 
+ 2cos¢Se3 + C3ax¢S33] — ion de. [Autd: + hoxtis + hx¢53] (140) 

, OX Ss S dx, 

Em = 4x —™ [B51 + Bn2d2 + Bmsds] — — 

OXm OXm 


[Amir Sir + mre S12 + 2hmisSia + mee S22 + 2itm2s S23 + hms S33]. 


These equations express the new stresses and fields in terms of the old strains 
and displacements. To complete the transformation we need to express 
all quantities in terms of the new axes. For this purpose we employ the 
tensor equations 





i Kr 7} 141 
i Ox; Ox; aie n ( ) 


Ox; = 
where —> are the direction cosines between the old and new axes. It is 


Ox; 
P ax, Ox 
obvious that —— ; 


= —-~ and the relations can be written 
Ox; Oxi 








f, 


'd 2) 


tl 


ns 
SS 


he 
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, - 
Ox, Ox; Ox, OX, 
{; Se SS ay. f, = We a {; =, / 
Ox, 0x1 OX» OX; 
OX2 OX2 OX : 
m= 27; Mm, = + m= > (142) 
Ox, : OXs , OX; 
OX: 0X3 OX 
m = 27; Ne = 27; Nz = =>. 
Ox, OX. ax; 


Hence substituting equations (141) in equations (140) the transformation 
equations between the new and old axes become 


Ox, Ox, Ox; OX; Ox, OX, OX, -» 
Tit = Coike : ‘ f ae 3 5 Si; : Vink ; ro u ti n 
OX, OX¢ OX; OX; OX, OX OXn 
ata il a (143) 
= OCfm O%~ IXm OX; O3 oy 
El = 4x6°,.° te ee 
OXm OX n OXm OX OX; 


These equations then provide means for determining the transformation of 
constants from one set of axes to another. 

As an example let us consider the case of an ADP crystal, vibrating longi- 
tudinally with its length along the x; axis, its width along the x; axis and 
its thickness along the x3 axis, which is also the x3 axis, and determine the 
elastic, piezoelectric and dielectric constants that apply for this cut when 
x1 is@ = 45° from x. Under these conditions 


ax; Ox, dx; Ox, F 
Baw Bae, BW s 6; yA =— = —, = —-s 6: 
f Ox, Oxi a . Ox, Ox ais 
(, = Ons _ te 
Ox, 0x3 
m, = ani vi on sin 6; m2: = on; sa OF a cos 6; 
oat ae : 0x2 Ox; i 
, (144) 
OX; OX 
== =0 
OX 0x3 
Ox} OX3 ax; OX3 
, aa we .— we f)- eo Ee = = (): 
i , = 0x3 (Oxh 
ax; OX; 
ny = — = —, = 1. 
0x3 0x3 


Since ADP belongs to the orthorhombic bisphenoidal (Class 6), it will have 
the dielectric, piezoelectric and elastic tensors shown by equations (134), 
(135), (139). Applying equations (143) and (144) to these tensors it is 
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readily shown that the stresses for @ = 45° are given by the equations ex 
pressed in two index symbols 


T’. en (cis + = + 2cee) s 





D D D 
(ci + _—— tea ~ teal 





ee (ch + Cie — 2cés) s! 
(chi + cfs = 280) oy 
2 
D D D 
+ (On FF 260) ot cat + hadi 


(145) 


, D / Do , 
Ts = i351 + Cis S2 + C353 
’ D ol ’ . 
Ty = Cas Sa t+ his 52 } Ey 


_/ D 7 / . 
Ts = Cas Ss — hy 51 ; EF, 


—hwSs + 4n[8n5)] 
hwS} + 4mr[B1159] 


lI 


—hg[St — S32] + 42[Bs3 53]. 


(chi — Cia) ov 
, 1 - 
Ty = SO ss 


For a long thin longitudinally vibrating crystal all the stresses are zero 
except the stress T; along the length of the crystal. Hence it is more ad- 
vantageous to use equations which express the strains in terms of the 
stresses since all the stresses can be set equal to zero except T;. All the 
strains are then dependent functions of the strain S; and this only has to 
be solved for. Furthermore, since plated cyystals are usually used to 
determine the properties of crystals, and the field perpendicular to a plated 
surface is zero, the only field existing in a thin crystal will be £; if the thick- 
ness is taken along the x3 or Z’ axis. Hence the equations that express the 
strains in terms of the stresses and fields are more advantageous for calcu- 
lating the properties of longitudinally vibrating crystals. By orienting 
such crystals with respect to the crystallographic axis, all of the elastic 
constants except the shear elastic constants can.be determined. All of 
the piezoelectric and dielectric constants can be determined from measure- 
ments on oriented longitudinally vibrating crystals. 

For such measurements it is necessary to determine the appropriate 
elastic, piezoelectric, and dielectric constants for a crystal oriented in any 
direction with respect to the crystallographic axes. We assume that the 
length lies along the x; axis, the width along the x; axis and the thickness 
along the x3 axis. Starting with equations of the form 

Sis = StietTee + di imEm 
Pe (146) 
bi, = 5 + dnet Tet 


T 














To 


6) 
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and transforming to a rotated system of axes whose direction cosines are 
given by (142), the resulting equation becomes 


. ax; ax, OX, Axe Ox; ax; a 
7 E ™ 
, i Tit li im =— = ~7 im; 

Sig = Stunt ; ax; dx; ax} ax) ue TO ‘ Ox; Ax; OXm 
(147) 

re jon Ox'n Cte = OX n Ox; OxE 

ee on Me + dah os 
‘4 OX_ On Ox, Oxk ax} 


A - 
All the stresses except 7; can be set equal to zero and all the fields except 
F; vanish. Furthermore, all the strains are dependently related to Ses 
Hence for a thin longitudinal crystal the equation of motion becomes 


ax ax OXm po! 
Ox; Ox; 0x3 


, , 
s! st t Ox; Ox; Ox, Oxt T" ind 
n= Syn — —— = 5 F128 “Os 
OE Ox; Ox; Oxi Axi _ 
(148) 
, na Ox; OXm dx OX. Oxt 
= E: ¥ du 
4a OXn Ox} Ox, ax} oxi 
In terms of the two index symbols for the most general type of crystal, we 
have 
E’ E’ E E E a E EE. g2 2 
sein = sh = stiti + (2st2 + sée)Cimi + (2sts + si)Cini 
E E 2 gE l E g 4 
+ 2(shs + she)fimum + 2stslinr + 2stelims + som} 
E E 7's E 3 E E 2 
+ (2s93 + Sag)miny + 2segmyny + 2(595 + Sae)mitim 
E 3 BE 4 E 3 E 3 
+ 2sogmily, + 5331 + 2sganim + 2535714; 
+ 2(s36 + sis)nidim . 
’ , 9 9 e (149) 
din = diy = dylsti + ditym} + di3¢3n} + dytamyn, + dis lat\ny 


2 2 2 
+ digl3fim, + dyym3t; + dogm3mj + dozm3n} + dym3m\n, 
2 9 9 
+ dosngtiny + dagmalym, + dyinglt + dsgngm + d33n3ni 
+ dyn3gmyny + dg5ngliny a dygnglymy 
6 T 2 T a7 - 2 T T 2 
€33 = e11€3 + 2eiolsms + 2eislsns + €22m3 + 2eo3man3 + €33m3 
Hence by cutting 18 crystals with independent direction cosines 9 elastic 
constants and 6 relations between the remaining twelve constants can be 
determined. All of the piezoelectric constants and all of the dielectric 
constants can be determined from these measurements. These constants 
can be measured by measuring the resonant and antiresonant frequencies 
and the capacity at low frequencies. The resonant frequency fe is deter- 
mined by the formula 
i f3 


f — 
? ~ 2¢ psi 


(150) 
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for any long thin crystal vibrating longitudinally. Hence when the density 
is known, sh can be calculated from the resonant frequency and the length 
of the crystal. Using the values of st; obtained for 15 independent orienta 
tions enough data is available to solve for the constants of the first of 
equations (149). The capacities of the different crystal orientations meas. 
ured at low frequencies determine the dielectric constant ¢33 and six orienta 
tions are sufficient to determine the six independent dielectric constants 
ieas oes separation between resonance and antiresonance Af = f, — [x 
determines the piezoelectric constant di; according to the formula 


, em 
dy, = 4/2 [és = . (151) 
2 Sr 4n 


The values of dj; measured for 18 independent orientations are sufficient 
to determine the eighteen independent piezoelectric constants. 

The remaining six elastic constants can be determined by measuring long 
thin crystals in a face shear mode of motion. Since this is a contour mode 
of motion, the equations are considerably more complicated than for a 
longitudinal mode and involve elastic constants that are not constant field 
or constant displacement constants. It can be shown’ that the fundamental 
frequency of a crystal with its length along x; , width (frequency determining 
direction) along x2 and thickness (direction of applied field) along x; , will be 

pa h/t ats V (ck — ct) + 4c" (45) 
2tw 2p 
where the contour elastic constants are given in terms of the fundamental 
elastic constants by 


E E gE? ee E UE 
ek — 511566 — Sie. ak SiaSig — S11 Sa6 
eae : eg = = 3 
A A 
* i (153) 
cB S11 S22 — Siz 
Cos = ——— 
A 


where A is the determinant 


A= | Ste, S22, 526 | (154) 


Since all of the constants except siz and sé can be determined by measure- 
ments on longitudinal crystals and the value of (2st2 + 566) has been de- 


5 This is proved in a recent paper “Properties of Dipotassium Tartrate (DKT)- Crys- 
tals,” Phys. Rev., Nov., 1946. 
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termined, the measurement of the lowest mode of the face shear crystal 
gives one more relation and hence the values of Siz and sg» can be uniquely 
determined. 

Similar measurements with crystals cut normal to x, and width along x3 
and with crystals cut normal to x, and width along x; determine the constants 
sty, $23 and Sts S13 respectively. The equivalent constants are obtained 
by adding 1 to each subscript 1, 2, 3 or 4, 5, 6 for the first crystal with the 
understanding that 3+ 1 = 1 and6+ 1 = 4. For the second crystal 2 
is added to each subscript. 

Finally the remaining three constants can be determined by measuring 
the face shear mode of three crystals that have their lenzths along one of 
the crystallographic axes and their width (frequency determining. axis) 
45° from the other two axes. 

Any symmetry existing in the crystal will cut down on the number of 
constants and hence on the number of orientations to determine the funda- 
mental constants. 


6. TEMPERATURE EFFECTS IN CRYSTALS 


In section 2 a general expression was developed for the effects of tempera 
ture and entropy on the constants of a crystal. Two methods were given, 
one which considers the stresses, field, and temperature differentials as the 
independent variables, and the second which considers the strains, displace- 
ments and entropy as the independent variables. In tensor form the 10 
equations for the first method take the form 


on Ps S,D 
Te _ CoReS i; — hnrtd n aa Ane dQ 


Ex acne Win i iS ij + 4B, 5 n i & dQ (155) 
8 S,D dQ 
d® = —@nt?S;, — Ogt? 3. + S 
ply 


The piezoelectric relations have already been discussed for adiabatic condi- 
tions assuming that r. increments of heat dQ have been added to the 
crystal. 

If now an increment of heat dQ is suddenly added to any element of the 
crystal, the first equation shows that a sudden expansive stress is generated 
proportional to the constant ory which has to be balanced by a negative 
stress (a compression) in order that no strain or electric displacement shall 
be generated. This effect can be called the stress caloric effect. The 
second equation of (155) shows that if an increment of heat dQ is added to 
the crystal an inverse field Z,, has to be added if the strain and surface 
charge are to remain unchanged. This effect may be called the field caloric 
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effect. Finally the third equation of (155) shows that there is a reciproc 
effect in which a stress or a displacement generates a change in temperatu 
even in the absence of added heat dQ. These effects can be called the strai 
temperature and charge temperature effects. 

The second form of the piezoelectric equations given by (58) are mor 
familiar. In tensor form these can be written 

Si; = sijteT 0 + dai,Em + aj; dO 
T,.6 


bn = du Tit + 2 Em + p72. dO (156 
4r 
dQ = Oda = OaxtTit + OpnEm + pC® dO 

The aj; are the temperature expansion coefficients measured at constant 
field. In general these are a tensor of the second rank having six com 
ponents. The constants p; are the pyroelectric constants measured at 
displacements which relate the increase in polarization or surface charge 
due to an increase in temperature. They are equal to the so-called “true” 
pyroelectric constants which are the polarizations at constant volume caused 
by an increase in tempeiature plus the “false” pyroelectric effect of the 
first kind which represents the polarization caused by a uniform temperature 
expansion of the crystal as its temperature increases by d0. As mentioned 
previously it is more logical to call the two effects the pyroelectric effects 
at constant stress and constant strain. By eliminating the stresses from 
the first of equations (156) and substituting in the second equation it is 
readily shown that 

bn = Pn — Onis (157) 
Hence the difference between the pyroelectric effect at constant stress and 
the pyroelectric effect at constant strain is the so-called “false” pyroeiectri: 
effect of the first kind afje®;; . 

The first term on the right side of the last equation is called the heat of 
deformation, for it represents the heat generated by the application of the 
stresses T;¢. The second term is called the electrocaloric effect and it 
represents the heat generated by the application of a field. The last term 
is p times the specific heat at constant pressure and constant field. 

The temperature expansion coefficients aj; form a tensor of the second 
rank and hence have the same components for the various crystal classes 
as do the dielectric constants shown by equation (134). 

The pyroelectric tensor p% and p%, are tensors of the first rank and in 
general will have three components ~, p2, and p;. Ina similar manner 
to that used for second, third and fourth rank tensors it can be shown that 
the various crystal classes have the following components for the first rank 
tensor p,. . 
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Class 1: components pi, p2, ps. 

Class 3: VY axis of binary symmetry, components 0), p» , 0 (158) 

Class +: components fp; , 0, ps. 

Classes 7, 10, 14, 16, 20, 23, and 26: components 0, 0, p3 ; and Classes 
2, 5, 6, 8, 9, 11, 12, 13, 15, 17, 18, 19, 21, 22, 24, 25, 27, 28, 29, 30, 31, and 
32: components 0, 0, 0, Le., p = 0. 

For a hydrostatic pressure, the stress tensor has the components 


Tu = Tx = T33 = — p = pressure; Ti. = Ty3 = To3 = 0 (159) 


Hence the displacement equations of (156) can be written in the form 
T,.0 


‘ €m . ¥ \ 
On = _ Eu = d? p + Pn de (160) 
4dr 
where 
dnp = duly sis En221 29 T danas! 33 
that is the contracted tensor d,,4.7%,. This is a tensor of the first rank 


which has the same components as the pyroelectric tensor p, for the various 
crystal classes. 


7. SECOND ORDER EFFECTS IN PIEZOELECTRIC CRYSTALS 

We have so far considered only the conditions for which the stresses and 
fields are linear functions of the strains and electric displacements. A 
number of second order effects exist when we consider that the relations are 
not linear. Such relations are of some interest in ferroelectric crystals such 
as Rochelle salt. A ferroelectric crystal is one in which a spontaneous 
polarization exists over certain temperature ranges due to a cooperative 
effect in the crystal which lines up all of the elementary dipoles in a given 
“domain” all in one direction. Since a spontaneous polarization occurs in 
such crystals it is more advantageous to develop the equations in terms of 
the electric displacement rather than the external field. Also heat effects 
are not prominent in second order effects so that we develop the strains and 
potentials in terms of the stresses and electric displacements D. By means 
of McLaurin’s theorem the first and second order terms are in tensoi form 


.. = 24 5 ae  <.. 
Si = ar, a Newt.“ * 


26. PS 
) — oe 3 ae aon 
2 5Tt08. Ttbn + 6,6 | + higher term 





a6 “aby ® 
(161) 
4 i + 4 #En 
= aT Te 


PE PE m . 
7? aT; 08, Titin + 06 ry 5,60 | + --- higher terms 


whereas before 6 = D/4r. 
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In this equation the linear partial differentials have already been discuss 
and are given by the equations 
OS i; 7 OS;; OE, OE n » 
= Siskel; = > = fins ap = 40 1¢ 
OT iL als O6bn OT;; Biin 5 O5n Brn (16 
where s;j4¢ are the elastic compliances of the crystal at constant displac: 
ment, gi jn the piezoelectric constants relating strain to electric displacemen| 
/4ar, and Bn» the dielectric “‘impermeability” tensor measured at constan' 
stress. We designate the partial derivatives 
OS i AS jj OPE, 


aon Me ; - = D 
OT OT or Niintar 5 AT L05m, OT OT or M sintn 
9 9 « (163 
OS:; OE, a Em wae 
85,05) IT 0b et? a 


The tensors V, M, Q, and O are respectively tensors of rank 6, 5, 4 and 3 
whose interpretation is discussed below. Introducing these definitions 
equations (161) can be written in the form 


Say = Tels cine = AN iinlor] or + M ‘ikl nd nl a Salgiin = 107, nolo] 


(164) 
} cam = T tl emit <i 3M tietnl ev = Qrym nO nl + 5 [4rBnn + 1Onnotol 


Written in this form the interpretation of the second order terms is obvious. 
Nietgr Tepresents the nonlinear changes in the elastic compliances s?);‘ 
caused by the application of stress T,,. Since the product of Nj jxtgrT yr 
represents a contracted fourth rank tensor, there is a correction term for 
each elastic compliance. The tensor M‘j,¢, can represent either the non- 
linear correction to the elastic compliances due to an applied electric dis- 
placement D, or it can represent the correction to the piezoelectric constant 
Zijn due to the stresses 7,¢. By virtue of the second equation of (162), 
the second equivalence of (163) results. The fourth rank tensor }0?;,. 
represents the electrostrictive effect in a crystat for it determines the strains 
existing in a crystal which are proportional to the square of the electric 
displacement. Twice the value of the electrostrictive tensor 40%; no , which 
appears in the second equation of (164) can be interpreted as the change 
in the inverse dielectric constant or ‘“‘impermeability” constant. Since a 
change in dielectric constant with applied stress causes a double refraction 
of light through the crystal, this term is the source of the piezo-optical effect 
in crystals. The third rank tensor Onno represents the change in the “im- 
permeability” constant due to an electric field and hence is the source of 
the electro-optical effect in crystals. 

These equations can also be used to discuss the changes that occur in 
ferroelectric type crystals such as Rochelle Salt when a spontaneous polariza- 
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tion occurs in the crystal. When spontaneous polarization occurs, the 
dipoles of the crystal are lined up in one direction in a given domain. For 
Rochelle salt this direction is the + X axis of the crystal. Now the electric 
displacement D, is equal to 

bi: = a = a + Pz, t+ Psp = “Psy (165) 
where P;, is the electronic and atomic polarization, and P,, the dipole 
polarization The electronic and atomic polarization is determined by the 
field and hence can be combined with the field through the dielectric constant 
«, which is the temperature independent part of the dielectric constant. 
When the crystal becomes spontaneously polarized, a field F, will result, but 
this soon is neutralized by the flow of electrons through the surface and 
volume conductance of the crystal and in a short time E, = 0. Hence for 
any permanent changes occurring in the crystal we can set 

Dz : — 
5: = = = P,, = dipole polarization (166) 

which we will write hereafter as P; . 

In the absence of external stresses the direct effects of spontaneous polari- 
zation are a spontaneous set of strains introduced by the product of the 
spontaneous polarization by the piezoelectric constant, and another set 
produced by the square of the polarization times the appropriate electro- 
strictive components. For example, Rochelle salt has a spontaneous 
polarization P, along the X, axis between the temperatures —18°C to 
+24°C. The curve for the spontaneous polarization as a function of 
témperature is shown by Fig. 6.°. The only piezoelectric constant causing 
a spontaneous strain will be gis/2 = gi23. Hence the spontaneous polariza- 
tion causes a spontaneous shearing strain 


Ss = guP, = 120 X 10° X 760 = 9.1 X 10° (167? 


if we introduce the experimentally determined values. Since 5S, is the 
cosine of 90° plus the angle of distortion, this would indicate that the right 
angled axes of a rhombic system would be distorted 3.1 minutes of arc. 
This is the value that should hold for any domain. For a crystal with 
several domains, the resulting distortion will be partly annulled by the 
different signs of the polarization and should be smaller. Mueller’ measured 
an angle of 3’45” at 0°C for one crystal. This question has also been 

* This has been measured by measuring the remanent polarization, when all the domains 


are lined up. See “The Dielectric Anomalies of Rochelle Salt,” H. Mueller, Annals of 
the N. Y. Acad. Science, Vol. XL, Art. 5, page 338, Dec. 31, 1940. 


7 “Properties of Rochelle Salt,” H. Mueller, Phys. Rev., Vol. 57, No. 9, May 1, 1940. 
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investigated by the writer and Miss E. J. Armstrong by measuring 
temperature expansion coefficients of the Y and Z axes and comparing t! 
average with the expansion coefficient at 45° from these two axes. 
difference between these two expansion coefficients measures the chan e 
in angle between the Y and Z axes caused by the spontaneous sheariny 
strains. The results are shown by Fig. 7. Above and below the ferry 
electric region, the expansion of the 45° crystal coincides with the aver 
expansion of the Y and Z axes measured from 25°C as a reference tempx 
ture. Between the Curie temperatures a difference occurs indicating t 
the Y and Z crystallographic axes are no longer at right angles. The dif 
ference in expansion per unit length at 0°C (the maximum point) corresponds 
to1.6 X 10 ‘cm percm. This represents an axis distortion of 1.1 minut: 
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Fig. 6.—Spontaneous polarization in Rochelle Salt along the X axis. 


of arc. Correspondingly smaller values are found at other temperatures 
in agreement with the smaller spontaneous polarization at other tempera- 
tures. It was also found that practically the same curve resulted for either 
45° axis, indicating that the mechanical bias put on by the optometer used 
for measuring expansions introduced a bias determining the direction of the 
largest number of domains. 

The second order terms caused by the square of the spontaneous polariza 
tion is given by the expression 


Sij = QiinPi (168) 


Since Q is a fourth rank tensor the possible terms for an orthorhombi: 
bisphenoidal crystal (the class for Rochelle salt) are 


a B. as — — 
Su = QiunPi; Se = QaeuPi; S3 = QasnPi (169) 
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In an effort to measure these effects, careful measurements have been made 
of the temperature expansions of the three axes Y, Y and Z. The results 
are shown by Table IT. On account of the small change in dimension from 
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Fig. 7.—Temperature expansion curve along an axis 45° between Y and Zasa 
function of temperature. 


the standard curve it is difficult to pick out the spontaneous components 
by plotting a curve. By expressing the expansion in the form of the 
equation 

AL 


7* a;(T-25) + a,(T-25)" + 43(T-25)* (170) 
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TABLE II 
MEASURED TEMPERATURE EXPANSIONS FOR THE THREE CRYSTALOGRAPHIC AXES 














Temperature Expansion Expansion Expans 
— | x 10-4 Temperature x 1074 Temperature x 10-4 
suis iers X Axis in °C. ¥ Axis in °C 
39.6 10.2 +35.0 4.45 +34.9 +4.9 
38.7 9.46 30.3 a3 29.9 2.5 
35.2 6.96 25.25 0.2 25.05 + .( 
30.2 3.63 23.9 —0.42 24.0 —.§ 
21.2 1.41 22.9 —0.88 19.95 —2.6 
26.2 0.71 19.35 —2.4 14.95 —5§.11 
25.3 0.06 14.9 —4.25 +9.75 —7.55 
24.0 —0.71 10.0 —6.25 +4.9 —9.9 
23.0 —1.39 5.4 —8.18 0 — 12.31 
21.8 —2.37 +0.3 —10.15 —6.35 —15.3 
16.0 —-6.5 —9.7 — 13.98 —10.5 —17.29 } 
8.2 —7.05 —16.3 —16.41 | —15.0 | — 19.42 { 
4.9 —14.12 —20.85 | -17.94 | 18.0 —20.86 
+0.3 —17.28 —25.1 —19.22 —23.2 — 23.08 
—4.7 — 20.3 —30.3 —20.8 —25.1 | — 23.96 
—10.7 } — 24.0 | —35.0 —22.23 | —31.1 — 26.59 
—15.3 — 26.6 — 39.7 — 23.54 — 35.0 — 28.28 i 
—20.7 | —30.2 — 53.2 — 27.60 — 40.0 — 30.4 | 
—25.7 —32.7 
— 30.1 —35.2 } 
—34.7 — 37.85 
—40.7 —41.25 | 
—45.0 —44.0 
—50.5 —47.0 


and evaluating the constants by employing temperatures outside of the 
ferroelectric range, a normal curve was established. For the XY, Y, and 7 
axes these relations are 





“ = 69.6 X 10°°(T-25) + 7.4 X 10°-*(T-25)? — 3.13 x 10°" (T-25)° 
(X direction) 
AL 





43.7 X 10 *(T-25) + 8.16 X 10° °(T-25)? — 3.60 x 10° "°(T-25)’ 


“ (171) 


(Y direction) 


49.4 X 10°°(T-25) + 1.555 & 10°°(7-25)” — 2.34 X 10°"°(7-25)° 


| 
II 


(Z direction) 
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rhe difference between the normal curves and the measured values in the 

Curie region is shown plotted by the points of Fig. 8. The solid and dashed 

curves represent curves proportional to the square of the spontaneous 

polarization and with multiplying constants adjusted to give the best fits 

for the measured points. These give values of Onn : Osan ; Osan equal to 
Orin = —86.5 X 10 


Qeon = +173 x10”; 
12 ion (1 
(172) 


12 


~“ 
Nm 


Another effect noted for Rochelle salt is that some of the elastic constants 

suddenly change by small amounts at the Curie temperatures. This is a 
D Pa “¢ . ° 

consequence of the tensor M;j,x¢,, for if a spontaneous polarization P 
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Fig. 8. Spontaneous electrostrictive strain in Rochelle Salt along the 
three crystallographic axes 
occurs, a sudden change occurs in some of the elastic constants as can be seen 
from the first of equations (164). The second equation of (164) shows 
that this same tensor causes a nonlinear response in the piezoelectric con- 
stant. Sincea change in the elastic constant is much more easily deter- 
mined than a nonlinear change in the piezoelectric constant, the tirst effect 
is the only one definitely determined experimentally. Since all three crys- 
tallographic axes are binary axes in Rochelle salt, it is easily shown that 

the only terms that can exist for a fifth rank tensor are terms of the types 


D D D ~ 
Minis; Mi2203 5 M1233 (173) 


with permutations and combinations of the indices. Hence when a spon 
taneous polarization /?; occurs, the elastic constants become 


siike -~ Meith 174) 
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Hence for a crystal with its length 45° between the 
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Comparing these with the relation of (90) we see that the spontan 
larization has added the elastic constants 


(Mion + Miisn + Mos + Mgon)P1 
? 


(32031 + Mo2301 + M3001 + M2201) Pi 
) 


(M3: 23331 = ig M3331 + M3301 + M 35031) P1 
) 


(Mio + Misen + Moun + Mion 
+ Mins + Mion + Mirus + Maisn 


? 


exists, the resulting elastic constants are 
fs S85. Sas. ag Sg OO 


S12, Soo , S23 , So4, 0 . QO | 


S35 Ss, Ss, ‘Su, OU 5 OU 


(176 


S14, Soa, Sta, Sta, 
QO P Q , Q . Q P 555 5 S56 | 


oO. °0 0 0 S56, See | 


, ’ , 


Comparing this to equation (139) which shows the possible elastic constants 
for the various crystal classes, we see that between the two Curie points, 
the crystal is equivalent to a monoclinic sphenoidal crystal (Class 3) with 


ture expansion curves of Fig. 7. 
The sudden appearance of the polarization P; will affect the frequency 
a 45° X-cut crystal, for with a crystal cut normal to the Y¥ axis and with 
the length of the crystal at an angle 0 with the Y axis, the value of the 
elastic = sso along the length is 


' I 3 : ’ L - 2 2 
= Soo cos‘ 8 + 2s; cos’ @ sin @ + (2533 + s?,) sin’ © cos’ @ 
(177 


bs ds —_—a 
+ 253; sin” 8 cos O + 533 sin’ 0 


compliance becomes 


'D _ $32 + 2(so4_ > 53 


— soe 


S34) > Sis + $33 
f 


Hence while the spontaneous polarization 





Outside the Curie region the crystal becomes 
This interpretation agrees with the tempera- 
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For a 45° X-cut crystal we would expect a sudden change in the value of 
soy as the crystal becomes spontaneously polarized between the two Curie 
points due to the addition of the ss; and sj elastic compliances. Such a 
change has been observed for Rochelle salt* as shown by Fig. 9 which shows 
the frequency constant of a nonplated crystal for which the elastic com- 
pliances s?; should hold. 
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Fig. 9.—Frequency constant and Q of an unplated 45°X cut Rochelle Salt crystal 
plotted as a function of temperature. 

Hence the sudden change in the elastic constant is a result of the two 
second order terms s}4 + 534 , which are caused by the spontaneous polariza- 
tion. The value of the sum of these two terms at the mean temperature 
of the Curie range, 3°C is 


4 


sos + S$y = 4.1 X 10°“ cm’/dyne (179) 


Crystals cut normal to the Y and Z axes should not show a spontaneous 
change in their frequency characteristic since the spontaneous terms Sy, 
Seq, S34 and Ss_ do not affect the value of Young’s modulii in planes normal 
to Y and Z. Experiments on a 45° Y-cut Rochelle salt crystal do not show 
a spontaneous change in frequency at the Curie temperature, although there 
is a large change in the temperature coefficient of the elastic compliance 
between the two Curie points. This is the result of third order term and is 


§“The Location of Hysteresis Phenomena in Rochelle Salt Crystals,’ W. P. Mason, 
Phys. Rev., Vol. 50, p. 744-750, October 15, 1940. 
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not considered here. The spontaneous Ss¢ constant affects the shear c 
stant 566 for crystals rotated about the XV axis and could be detected ea 
mentally. No experimental values have been obtained. 

The effects of spontaneous polarization in the second equation of (1 
are of two sorts. For an unplated crystal, a spontaneous voltage is g¢ 
erated on the surface, which, however, quickly leaks off due to the surfa 
and volume leakage of the crystal. The other effects are that the sp: 
taneous polarization introduces new piezoelectric constants through 
tensor Oren , changes the dielectric constants through the tensor O?.,, a 
introduces a stress effect on the piezoelectric constants through the tenso 


71 


4 


b . . . 
Mijmgr - Since piezoelectric constants are not as accurately measured 


elastic constants, the first effect has not been observed. The additional! 
° ° . L 

piezoelectric constants introduced by the tensor Qjymn are Shown by equa 

tion (180) 


gu ge gs gu O O 
0 O ODO DO gx% g26 (180) 
0 0 0 O gus gas 


Since the only constants for the Rochelle salt class, the orthorhombic 
bisphenoidal, are gis , 225 , 856 , this shows that between the two Curie points 
the crystal becomes monoclinic sphenoidal, with the X axis being the 
binary axis. The added constants are, however, so small that the accuracy 
of measurement is not sufficient to evaluate them. From the expansion 
measurements of equation (172) and the spontaneous polarization values, 
three of them should have maximum values of 


gi = —-66X 10°; ge=+13X10°; gis=—1.8X 10° (181) 


These amount to only 6 per cent of the constant gi, , and hence they are 
not easily evaluated from piezoelectric measurements. 

The effect of the tensor On, is to introduce a spontaneous dielectric 
constant 3; between the Curie temperatures so that the dielectric tensor 
becomes 


1, 0 ’ 0 
0 ’ €22 , €23 (182) 
0 ) €23 y €33 


As discussed at length by Mueller’ this introduces a spontaneous bire- 
fringence for light passing through the crystal along the XY, V and Z axes 
which adds to the birefringence already present. 


* “Properties of Rochelle Salt land IV,” Phys. Rev. 47, 175 (1935); 58, 805 November |, 
1940. 
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The Biased Ideal Rectifier 
By W. R. BENNETT 


Methods of solution and specific results are given for the spectrum of the 
response of devices which have sharply defined transitions between conducting 
and non-conducting regions in their characteristics. The input wave consists 
of one or more sinusoidal components and the operating point is adjusted by bias, 
which may either be independently applied or produced by the rectified output 
itself. 


INTRODUCTION 


HE concept of an ideal rectifier gives a useful approximation for the 

analysis of many kinds of communication circuits. An ideal rectifier 
conducts in only one direction, and by use of a suitable bias may have the 
critical value of input separating non-conduction from conduction shifted 
to any arbitrary value, as illustrated in Fig. 1. A curve similar to Fig. 1 
might represent for example the current versus voltage relation of a biased 
diode. By superposing appropriate rectifying and linear characteristics 
with different conducting directions and values of bias, we may approximate 
the characteristic of an ideal limiter, Fig. 2, whch gives constant response 
when the input voltage falls outside a given range. Such a curve might 
approximate the relationship between flux and magnetizing force in certain 
ferromagnetic materials, or the output current versus Signal voltage in a 
negative-feedback amplifier. The abrupt transitions from non-conducting 
to conducting regions shown are not realizable in physical circuits, but the 
actual characteristics obtained in many devices are much sharper than can 
be represented adequately by a small number of terms in a power series 
or in fact by any very simple analytic function expressible in a reasonably 
small number of terms valid for both the non-conducting and conducting 
regions. 

In the typical communication problem the input is a signal which may 
be expressed in terms of one or more sinusoidal components. The output 
of the rectifier consists of modified segments of the original resultant of the 
individual components separated by regions in which the wave is zero or 
constant. We are not so much interested in the actual wave form of these 
chopped-up portions, which would be very easy to compute, as in the fre- 
quency spectrum. The reason for this is that the rectifier or limiter is 
usually followed by a frequency-selective circuit, which delivers a smoothly 
varying function of time. Knowing the spectrum of the chopped input 
to the selective network and the steady-state response as a function of 
139 
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Fig. 1.—Ideal biased linear rectifier characteristic. 
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frequency of the network, we can calculate the output wave, which is the 
one having most practical importance. The frequency selectivity may in 
many cases be an inherent part of the rectifying or limiting action so that 
discrete separation of the non-linear and linear features may not actually 
be possible, but even then independent treatment of the two processes 
often yields valuable information. 

The formulation of the analytical problem is very simple. The standard 
theory of Fourier series may be used to obtain expressions for the amplitudes 
of the harmonics in the rectifier output in the case of a single applied fre- 
quency, or for the amplitudes of combination tones in the output when two 
or more frequencies are applied. These expressions are definite integrals 
involving nothing more complicated than trigonometric functions and the 
functions defining the conducting law of the rectifier. If we were content 
to make calculations from these integrals directly by numerical or mechanical 
methods, the complete solutions could readily be written down for a variety 
of cases covering most communication needs, and straightforward though 
often laborious computations could then be based on these to accumulate 
eventually a sufficient volume of data to make further calculations un- 
necessary. 

Such a procedure however falls short of being satisfactory to those who 
would like to know more about the functions defined by these integrals 
without making extensive numerical calculations. A question of consider- 
able interest is that of determining under what conditions the integrals may 
be evaluated in terms of tabulated functions or in terms of any other func- 
tions about which something is already known. Information of this sort 
would at least save numerical computing and could be a valuable aid in 
studying the more general aspects of the communication system of which 
the rectifier may be only one part. It is the purpose of this paper to present 
some of these relationships that have been worked out over a considerable 
period of time. These results have been found useful in a variety of prob- 
lems, such as distortion and cross-modulation in overloaded amplifiers, 
the performance of modulators and detectors, and effects of saturation in 
magnetic materials. It is hoped that their publication will not only make 
them available to more people, but also stimulate further investigations of 
the functions encountered in biased rectifier problems. 

The general forms of the integrals defining the amplitudes of harmonics 
and side frequencies when one or two frequencies are applied to a biased 
rectifier are written down in Section I. These results are based on the 
standard theory of Fourier series in one or more variables. Some general 
relationships between positive and negative bias, and between limiters and 
biased rectifiers are also set down for further reference. Some discussion is 
given of the modifications necessary when reactive elements are used in the 
circuit. 
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Section Il summarizes specific results on the single-frequency biase: 
rectifier case. The general expression for the amplitude of the typi 
harmonic is evaluated in terms of a hypergeometric function for the pow 
law case with arbitrary exponent. 

Section III takes up the evaluation of the two-frequency modulati 
products. It is found that the integer-power-law case tan be expressed 
finite form in terms of complete elliptic integrals of the first, second, a 
third kind for almost all products. Of these the first two are available 
tables, directly, and the third can be expressed in terms of incomplete 
integrals of the first and second kinds, of which tables also exist, No direct 
tabulation of the complete elliptic integrals of the third kind encountered 
here is known to the author. They are of the hyperbolic type in contrast 
to the circular ones more usual in dynamical problems. Imaginary values 
of the angle 8 would be required in the recently published table by Heuman’ 

A few of the product amplitudes depend on an integral which has not 
been reduced to elliptic form, and which is a transcendental function of two 
variables about which little is known. Graphs calculated by numerical! 
integration are included. 

The expressions in terms of elliptic integrals, while finite for any product, 
show a rather disturbing complexity when compared with the original 
integrals from which they are derived. It appears that elliptic functions 
are not the most natural ones in which the solution to our problem can be 
expressed. If we did not have the elliptic tables available, we would prefer 
to define new functions from our integrals directly, and the study of such 
functions might be an interesting and fruitful mathematical exercise. 

Solutions for more than two frequencies are theoretically possible by the 
same methods, although an increase of complexity occurs as the first few 
components are added. When the number of components becomes very 
large, however, limiting conditions may be evaluated which reduce the 
problem to a manageable simplicity again. The case of an infinite number 
of components uniformly spaced along an appropriate frequency range has 
been used successfully as a representation of a noise wave, and the detected 
output from signal and noise inputs thus evaluated’. The noise problem 
will not be treated in the present paper. 


I. THE GENERAL PROBLEM 
Let the biased rectifier characteristic, Fig. 1, be expressed by 


0, E<b | 
[= (1.1) 
f(E-b), O<E 


1 Carl Heuman, Tables of Complete Elliptic Integrals, Jour. Math. and Physics, Vol. 
XX, No. 2, pp. 127-206, April, 1941. 

?W. R. Bennett, Response of a Linear Rectifier to Signal and Noise, Jour. Acous. Soc 
Amer., Vol. 15, pp. 164-172, Jan. 1944, 
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hen if a single frequency wave defined by 

E= Pcospt,- P<b< P, (1.2) 
is applied as input, the output contains only the tips of the wave, as shown 
in Fig. 3. It is convenient to place the restrictions on P and 6 given in 
Eq. (1.2). The sign of P is taken as positive since a change of phase may 
be introduced merely by shifting the origin of time and is of trivial interest. 
If the bias b were less than —P, the complete wave would fall in the con- 
ducting region and there would be no rectification. If 6 were greater than 


CURRENT —> 


f (Pcos pt-b) 








/ 
\ = 
FP cos pt 


Ny 








Fig. 3.—Response of biased rectifier to single-frequency wave 


P, the output would be completely suppressed. Applying the theory of 
Fourier series to (1.1) and (1.2), we have the results 


[= 3 + iz a, cos n pt (1.3) 
n=l 
2 arc cos b/P 
a, = - [ f(P cos x — 6) cos nx dx (1.4) 
Ww 0 


When two frequencies are applied, the output may be represented by a 
double Fourier series. The typical coefficient may be found by the method 
explained in an earlier paper by the author®. The problem is to obtain the 
double Fourier series expansion in x and y of the function g(x,y) defined by: 

0, Pcosx+Qcosy <b 7 
g(x,y) = (1.5) 
f(P cos x + QO cos y — 3d), b< Pcosx +(Qcos y 


3W. R. Bennett, New Results in the Calculation of Modulation Products, B.S.T.J., 
Vol. XII, pp. 228-243, April, 1933. 
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We substitute the special values x = pt, y = gt after obtaining the expansior 
Let 

ki = QO/P, ko = —b/P (1.1 
The mest general conditions of interest are comprised in the ranges: 


- 


0 <= hee h-— 2 te = 2 amy, 
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Fig. 4.—Regions in xy-plane bounded by ko + cos x + ki cos y = 0. 


The regions in the xy-plane in which g(x,y) does not vanish are bounded 
by the various branches of the curve: 


ko + cosx + ky cosy = 0 (1.8) 


We need to consider only one period rectangle bounded by x = +2, y = +7, 
since the function repeats itself at intervals of 2x in both x and y. The 
shape of the curve (1.8) within this rectangle may have three forms, which 
are depicted in Fig. 4. In Case I, ko + ki > k, ko — ki < 1, the curve 
divides into four branches which are open at both ends of the x- and y-axes. 
In Case (2), ko + ki <1, ko — ky > —1, the curve has two branches open 
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it the ends of the y-axis. In Case (3), -1< ko thi < l,ko—ky < —-1, 
a single closed curve is obtained. The limits of integration must be chosen 
to fit the proper case. The Fourier series expansion of g(x,y) may be 
written: 


wo oo 
g(x, y) = > = mn COS MX COS Ny (1.9) 


m=) n=0 


where @mn is found from integrals of the form: 
v2 72 
A=+*3 | dy [ f(P cos x + Q cos y — 6) cos mx cos ny dx (1.10) 
us v1 71 


Here, as usual, €,, is Neumann’s discontinuous factor equal to two when m 
is not zero and unity when m is zero. The values of the limits for the dif- 
ferent cases are: 

Case I, dan = Ar + Ae 


(4, = 0, x2 = arc cos (—ky — ki cos y) 
A, = A with limits _ * (1.11) 
yi = arc cos — : y= 7 
\ 1 
lx, = 0, to= fF 
Aq = A with limits —— (1.12) 
yu = 0, Ye = arc cos 
s ki, 
Case II, @mun = A 
%, = 0, Xe = arc cos (—ky — & cos y 
Limits (1.13) 
3 = 0, y= Ff 
Case ITT, ana = A 
' (x, = 0, X2 = arc cos (—ky — ki cos y) 
Limits (1.14) 
1+ ko 
(ym = 0, Vo = arc cos {| — : 
o - ky 


For a considerable variety of rectifier functions /, the inner integration may 
be performed at once leaving the final calculation in terms of a single definite 
integral. 

A somewhat different point of view is furnished by evaluating the integral 
(1.4) for the biased single-frequency harmonic amplitude, and then replacing 
the bias by a constant plus a sine wave having the second frequency. When 
each harmonic of the first frequency is in turn expanded in a Fourier series 
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in the second frequency, the two-frequency modulation coefficients are « 
tained. Some early calculations carried out graphically in this way a 
the source of the curves plotted in Figs. 18 to 21 inclusive, for which I 
indebted to Dr. E. Peterson. 


ad 


If reactive elements are used in the rectifier circuit, the voltage across t 
rectifying element may depart from the input wave shape applied to th 
complete network. The solution then loses its explicit nature since 1 
rectifier current is expressed in terms of input voltage components which 
turn depend on voltage drops produced in the remainder of the network 
by the rectifier currents. Practical solutions can be worked out when 
relatively few components are important. 


<__ BIASED RECTIFIER 
UNIT 





melee Ver Se nel \t To | 


We 


EFFECTIVE BIAS ON 
RECTIFIER=D+t IR 














Fig. 5.— Biased rectifier in series with RC network. 


As an example consider the familiar case of a parallel combination of 
resistance R and capacitance C in series with the biased rectifier, Fig. 5 
If C has negligible impedance at all frequencies of importance in the rectifier 
circuit except zero, we may assume that the voltage across R is constant and 
equal to J)R, where Jo is the d-c. component of the rectifier current. The 
voltage across the rectifier unit is then E — JoR. The effect is a change 
in the value of bias from 6 tob + JR. If the d-c component in the output 
is calculated for bias 6 + oR, we obtain the value of J) in terms of 6 + JR, 
an implicit equation defining Jo. If this equation can be solved for J, the 
bias b + J)R can then be determined and the remaining modulation products 
calculated. 

A more important case is that of the so-called envelope detector, in which 
the impedance of the condenser is very small at all frequencies contained in 
the input signal, but is very large at frequencies comparable with the band 
width of the spectrum of the input signal. These are the usual conditions 
prevailing in the detection of audio or video signals from modulated r-f or 
i-f waves. The solution depends on writing the input signal in the form 
of a slowly varying positive valued envelope function multiplying a rapidly 
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illating cosine function. That is, if the input signal can be repre- 
nted as 
E = A (t) cos¢ (6), 1.15) 


here A (¢) is never negative and has a spectrum contined to the frequency 
range in which 22fC is negligibly small compared with 1) R, while cos $(t) 
has a spectrum confined to the frequency range in which 1, R is negligibly 
small compared with 22fC, we divide the components in the detector output 
into two groups, viz.: 

1. A low-frequency group J) containing all the frequencies comparable 
with those in the spectrum of A (¢). The components of this group flow 
through R. 

2. A high-frequency group Js containing all the frequencies comparable 
to and greater than those in the spectrum of cos ¢ (tf). The components 
of this group flow through C and produce no voltage across R. 

The instantaneous voltage drop across R is therefore equal to /;,R, and 
hence the bias on the rectifier is 6 + J;;R. If A and @ were constants, we 
could make use of (1.3) and (1.4) to write: 


o> 
dQ te : 
Tig + Ing = . ? 2 ad, cos n@ (1.16) 
“ n=1 
> parecos ((6+1178)/A] 
a, = - [ f(A cosx — 6 — IyyR) cos nx dx (1.17) 
wT 0 


If A and ¢ are variable, the equation stili holds provided /;;R < 1 at all 
times. Assuming the latter to be true (keeping in mind the necessity of 
checking the assumption when /;; is found), we note that terms of the form 
a, cos n @ consist of high frequencies modulated by low frequencies and hence 
the main portion of their spectra must be in the high-frequency range. 
Hence we must have as a good approximation when the envelope frequencies 
are well separated from the intermediate frequencies, 

do ~ 1 


ly = | = 


g cos [(b+1,7R)/ A) 
2 ™ Jo 


f(A cosx — b — Iy;R)dx 1.18) 


This equation defines /;; as a function of A, and if it is found that the 
condition 6 + I;,R < Ais satisfied by the resulting value of J,;, the problem 
is solved. If the condition is not satisfied, a more complicated situation 
exists requiring separate consideration of the regions in which 6 + /,,R < A 
and6+ I;;R > A. 
To be specific, consider the case of a linear rectifier with forward con- 
ductance a = 1/R, and write V = J,,R. Then 
Ro |, 


R = VA — (6+ V)? — (6 + V) arc cos : = (1.19) 
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When 5 = 0 (the case of no added bias), this equation may be satisfied 
setting 


V =cA,0<c <1, (1.20) 


= = 5-1 ~- are COB ¢, (1.21) 


defining c as a function of Ro/R. The value of c approaches unity when 
the ratio of rectifier resistance to load resistance approaches zero and falls 
off to zero as Ro/R becomes large. The curve may be found plotted else- 
where*. This result justifies the designation of this circuit as an envelope 
detector since with the proper choice of circuit parameters the output 
voltage is proportional to the envelope of the input signal. 

The equations have been given here in terms of the actual voltage applied 
to the circuit. The results may also be used when the signal generator 
contains an internal impedance. For example, a nonreactive source inde- 
pendent of frequency may be combined with the rectifying element to give a 
new resultant characteristic. If the source impedance is a constant pure 
resistance ro throughout the frequency range of the signal input but is 
negligibly small at the frequencies of other components of appreciable size 
flowing in the detector, we assume the voltage drop in fro is roa: cos ¢ ((). 
We then set n = 1 in (1.17) and replace a, by (Ap — A)/ro, where Ao is 
the voltage of the source. The value of J); in terms of A from (1.18) is 
then substituted, giving an implicit relation between A and Ag. 

A further noteworthy fact that may be deduced is the relationship be- 
tween the envelope and the linearly rectified output. By straightferward 
Fourier series expansion, the positive lobes of the wave (1.15), may be 


which leads to 


written as: 


E, > OU , 1 
E, = = A(t) ! 4 5 00s > (t) 
0, E<0 sf 
i 2 0 (—)" cos 2m oe) (1.22 
T m=1 4m? — 1 


Hence if we represent the low-frequency components of E, by Ey,;, we have: 








Ey = 4% (1.23 
TT 
or 
AW = sEy (1.24) 


4 See, for example, the top curve of Fig. 9-25, p. 311, H. J. Reich, Theory and Applica 
tions of Electron Tubes, McGraw-Hill, 1944. 
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Equation (1.23) expresses the fact that we may calculate the signal com- 
ponent in the output of a half-wave linear rectifier by taking 1,7 times the 
envelope. Equation (1.24) shows that we may calculate the response of 
an envelope detector by taking m times the low-frequency part of the 
Fourier series expansion of the linearly rectified input. ‘Thus two procedures 
are in general available for either the envelope detector or linear rectifier 
solution, and in specific cases a saving of labor is possible by a proper choice 
h 


between the two methods. The final result is of course the same, althoug 
there may be some difficulty in recognizing the equivalence. For example, 
the solution for linear rectification of a two-frequency wave P cos pi + Q 
cos gt was given by the author in 1933%, while the solution for the envelope 
was given by Butterworth in 1929°. Comparing the two expressions for 
the direct-current component, we have: 


a :] ae : ; a es 
Ey = —, [2E — (1 — k’) K], where K and Eare complete elliptic integrals 
Tr 


of the first and second kinds with modulus k = Q/P 
73 Tn , - Or 
A (t) = — (1 + k) E,, where E, is a complete elliptic intregal of the 
T 
second kind with modulus k} = 2 Wk/(1 + &). Equation (1.24) implies 
the existence of the identity 


9 


(i+k)h=2E-—-(1-—k)K (1.25) 


The identity can be demonstrated by making use of Landen’s transforma- 
tion in the theory of elliptic integrals. 


2. SINGLE-FREQUENCY SIGNAL 


The expression for the harmonic amplitudes in the output of the rectifier 
can be expressed in a particularly compact form when the conducting part 
of the characteristic can be described by a power law with arbitrary ex- 
ponent. Thus in (1.4) if f(s) = as", we set \ = 6/ P and get 


2aP" 


a, = - 


are cos 4 
[ (cos x — XA)” cos nx dx 
Tr 0 
21 + 1)aP’(1 — d)"*? 
= —— -———  _/] 1 es 
3 F + n,- —njvt+ 
mriv+ - 2 2 
2 
5S. Butterworth, Apparent Demodulation of a Weak Station by a Stronger One 
Experimental Wireless, Vol. 6, pp. 619-621, Nov. 1929. 


(2.1) 
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The equation holds for all real values of v greater than —1. The sym)! 
F represents the Gaussian hypergeometric function®: 
afa+1)b(b6+ 


Mabe) @ 14 ee SS Pais: (2.2 
cl! c(c + 1) 2! 
The derivation of (2.1) requires a rather long succession of substitutions 
expansions, and rearrangements, which will be omitted here. 
When » is an integer, the hypergeometric function may be expressed ir 
finite algebraic form, either by performing the integration directly, or by 
making use of the formulas: 


F(u/2, — w/2; 1/2; 3) = cos (ware sin 2), 
r(? +u 1—p,3, »\ — sin (u arc sin 2) 
i Be uz : 
together with recurrence formulas for the F-function. When » is an odd 
multiple of one half, the #-function may be expressed in terms of complete 
. . . - . . 1/2 
elliptic integrals of the first and second kind with modulus [(1 — A)/2]"~ by 
means of the relations, 





F(}, 431;8) =2 K, 
TT 
‘ (2.4) 
F(-3,3;1;8) = 4B, 
| 


and the recurrence formulas for the #-function. For the case of zero bias, 


we set A = O, and apply the formula 
T (5) T (‘ $f ') 
2 2 


(etter (Lte—s) 
2 2 


? ? 5 
ary + Or (® + 3)\5 (* 7 *) aP” 
a, = ite “~ 


a ; (2.6) 
i 2 2 — ; 
er +3 aor ( tote) (Ate *) 


We point out that the above results may be applied not only when the 
applied signal is of the form P cos pt with P and p constants, but to signals 
6 For an account of the properties of the hypergeometric function, see Ch. XIV oi 


Whittaker and Watson, Modern Analysis, Cambridge, 1940. A discussion of ellipti: 
integrals is given in Ch. XXII of the same book. 
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in which P and pare variable, provided that / is always positive. We thus 
can apply the results to detection of an ordinary amplitude-modulated wave 
or to the detection of a frequency-modulated wave after it has passed through 
a slope circuit. 

A case of considerable practical interest is that of an amplitude-modulated 
wave detected by a diode in series with a parallel combination of resistance 
Rand capacitance C. The value of C is assumed to be sufficiently large so 
that the voltage across R is equal to the a9/2 component of the current 
through the diode multiplied by the resistance. This is the condition for 
envelope detection mentioned in Part 1. The diode is assumed to follow 
Child’s law, which gives vy = 3/2. We write 


_¥. _.,. FOjaa ~i ae nf. «4,13 : 
se * (Qn)'r(3) F \ 2, 3; 3; —— (2.7) 


nl 


where X = V/P. Note that V is a constant equal to the direct-voltage 
output if P is constant. If P varies slowly with time compared with the 
high-frequency term cos pt, V represents the slowly varying component of 
the output and hence is the recovered signal. 

But 


16 


= Ork4 


,4;3;%) = (2(2k” — 1)E + (2 — 3k’)(1 — R)K] (2.8) 


ue 


where A and £ are complete elliptic integrals of the first and second kind 
with modulus &. Hence 


3m (1 + 3A)(1 + A) 
z= =p= K — 8E 2.9 
RiV2P~ ° d oo 
where the modulus of K and E is (1 — A)/2. This equation defines p 


as a function of A, and hence by inversion gives \ as a function of p. The 
resulting curve of X vs. p is plotted in Fig. 6 and may be designated as the 
function \ = g(p). If we substitute \ = |'/P we then have 


V = Pg (39/Ra V/2P) (2.10) 


This enables us to plot V asa function of P, for various values of Ra, Fig. 7. 
Since P may represent the envelope of an amplitude-modulated (or diff- 
erentiated /M) wave, and V the corresponding recovered signal output 
voltage, the curves of Fig. 7 give the complete performance of the circuit 
as an envelope detector. In general the envelope would be of form P = 
Po{1 + ¢ s(t)], where s(t) is the signal. We may substitute this value of P 
directly in (2.10) provided the absolute value of c s(t) never exceeds unity 
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Fig. 6.—The Function A = g(p) defined by Eq. (2.9). 
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Fig. 7.—Performance of 3/2—power-law rectifier as an envelope detector with low-imped- 
ance signal generator. 

To express the output in terms of a source voltage Po in series with an 
impedance equal to the real constant value ro at the signal frequency and 
zero at all other frequencies, we write 

en 3/2(7 — ))2 - 
5 welt 2 =¢, = 3aP%(1 — d) F( 3, -3;3; <2 (2.11) 
%o 4 V2 2 
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or 
A) 
Po = (1 + R i) PF, (2.12) 
where 
3Ra(1 — d)?p ( 1-—A 
a ee FF 1LS, — 5; 33 
4vV/2 2 
¥ (2.13) 
- = J/2Pi(1 — B+ RYE — (2 -— #)(1 — B)KI. 
wT 
1.4 + 
1.2}— : y, 
1.0 rel Ry oa ” 
Ra= 0.1 
0.8 
— {ap ¥2, P>o| 
0.6 A / QO, P<0} 
iil | ‘ ae : [| ¥ 
$ °T RL, fas Vv 
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Fig. 8.—Performance of 3/2—power-law rectifier as an envelope detector with impedance 
of signal generator low except in signal band. 


By combining the curves of Fig. 7 giving V in terms of P with the above 
equations giving the relation between P and Po, we obtain the curves of 
Figs. 8, 9, 10, giving V as a function of Po. The curves approach linearity 
as Rais made large. On the assumption that the curves are actually linear, 
we define the conversion loss D of the detector in db in terms of the ratio 
of maximum power available from the source to the power delivered to the 





load: 
| D = 101 Po/8ro _ 49) Po\' R (2.14) 
ied | Mili, Js a 


Curves of D vs ro/R are given in Figs. 11 and 12. The optimum relation 
between ro and R when the forward resistance of the rectifier vanishes has 
long been known to be 7o/R = .5. The curves show a minimum in this 
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region when Ra is large. In the limit as Ra approaches infinity, we may 
show that the relation between Po and V approaches: 


' 2 , 
Py = 3 (1 + 7) (2.15) 
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Fig. 9.—Performance of 3/2—power-law rectifier as an envelope detector with impedance 
of signal generator low except in signal band. 
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Fig. 10.— Performance of 3/2—power-law rectifier as an envelope detector with impedance 
of signal generator low except in signal! band. 


The corresponding limiting formula for D is 


R 2ro\" 
D — 10 logio ar, (1 + ) (2.16) 
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AY The minimum value of D is then found to occur at ro = R/2 and is zero 
/b. We note from the curves that the minimum loss is 1.2 db when Ra = 
10 and 0.4 when Ra = 100. 

5) This example is intended mainly as illustrative rather than as a complete 
tabulation of possible detector solutions. The methods employed are 
sufficiently general to solve a wide variety of problems, and the specific 
evaluation process included should be sufficiently indicative of the proce- 
dures required. Cases in which various other selective networks are asso- 
ciated with the detector have been treated by Wheeler’. 
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Fig. 11.—Conversion loss of 3/2—power-law rectifier as envelope detector with impedance 
of signal generator low except in signal band. 
@ 14 ~ 
ra) é 
z |\2+—— —- 4 me 4 4 en ee Oe 
- XX R= 100 
8 10} Tt + + + + : ' 
Ss . 
z 
3 6 
o 4 
« 
$2 
Zz . 
o 0 
9 90 ' 2 3 a S 6 7 8 9 10 
ro /R 
Fig. 12.—Conversion loss of 3/2—power-law rectifier as envelope detector with impedance 
of signal generator low except in signal band. 
3. Two-FREQUENCY INPUTS 
The general formula for the coefficients in the two-frequency case depends 
dance on a double integral as indicated by (1.10). In many cases one integration 
may be performed immediately, thereby reducing the problem to a single 
definite integral which may readily be evaluated by numerical or mechanical 
2.16) 7H. A. Wheeler, Design Formulas for Diode Detectors, Proc. I. R. E., Vol. 26, pp 


745-780, June 1938. 
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means. It appears likely in most cases that the expression of these result 
in terms of a single integral is the most advantageous form for practica 
purposes, since the integrands are relatively simple, while evaluations i 
terms of tabulated functions, where possible, often lead to complicate 
terms. Numerical evaluation of the double integral is also a possible metho: 
in cases where neither integration can be performed in terms of function 
suitable for calculation. 

One integration can always be accomplished for the integer power-lay 
case, since the function f (P cos x + Q cos y — 6) in (1.12) then becomes : 
polynomial in cos x and cos y. Cases of most practical interest are the 
zero-power, linear, and square-law detectors, in which f(z) is proportional 
to 2°, z', and z’ respectively. The zero-power-law rectifier is also called a 
total limiter, since it limits on infinitesimally small amplitudes. We shal! 
tabulate here the definite integrals for a few of the more important low-order 






—PCOS pt+Qcos qt 





RESPONSE OF LIMITER 








AMPLITUDE 





Fig. 13.—Response of biased total limiter to two-frequency wave. 


coefficients. To make the listing uniform with that of our earlier work, we 
express results in terms of the coefficient Am», which is the amplitude of the 
component of frequency mp + ng. The coefficient Amn is half of ann when 
neither m nor ” is zero. When mor n is zero, we take Amn = dmn and drop 
the component with the lower value of the + sign. When both m and n 
are zero, we use the designation A 90/2 for aoo, the d-c term. In the tabula- 
tions which follow we have set f(z) = az” with v taking the values of zero 
and unity. 

We first consider the biased zero-power-law rectifier or biased total 
limiter. This is the case in which the current switches from zero to a 
constant value under control of two frequencies and a bias as illustrated 
by Fig. 13. The results are applicable to saturating devices when the 
driving forces swing through a large range compared with the width of the 
linear region. It is also to be noted that the response of a zero-power-law 
rectifier may be regarded as the Fourier series expansion of the conductance 
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a linear rectifier under control of two carrier frequencies and a bias. 
[he results may therefore be applied to general modulator problems based 
on the method described by Peterson and Hussey*. We may also combine 
the Fourier series with proper multiplying functions to analyze switching 
between any arbitrary forms of characteristics. We give the results for 
positive values of ko. The corresponding coefficients for —ky can be ob- 
tained from the relations: 


A 00 4 { ae 
=anr- } 
? ) 
a - (3.1) 
= .mtn+l n i 
Ane = (—-)P"" Anew mt+nu>o 


Here we have used plus and minus signs as superscripts to designate co- 
efficients with bias +4) and —k, respectively. We thus obtain a reduction 
in the number of different cases to consider, since Case III consists of nega- 
tive bias values only, and these can now be expressed in terms of positive 
bias values falling in Cases I and II. It is convenient to define an angle 6 
by the relations: 
1-—k 
arc cos »ko thi > 1, ko — ki < 1- (Case I) 
6 = ky (3.2) 
0 roth <1,ko —ki > —1 (Case IT), 


ZERO-POWER RECTIFIER OR TOTAL-LIMITER COEFFICIENTS 
Setting f(z) = @ in (1.10), 


A £3 Y 

—— = {— aa arc cos (ky + ky cos y) dy. 

2a mw Jo : 

A fe | | 

— = a V1 — (Ro + ki cos y)? dy 

a Tv 6 ri | 

Aon 2k [ sin? y dy 

Q@ xs 7 6 V 1 — (Ro + ky cos y)? 

Aun a hd ; 
eee cos V1 — (ky + hk, cos y)? dy er (3.3) 
a mw J : ) 
Ax oa ih : 

7 page Malaise | (ko + k; cos y) V1 — (ko + & cos y)? dy 

a 1 Jo - 

1. 2ky [ sin? y cos y dy 

a mw Jo V1 — (ko + ky cos y)? 

A £ 7 | 

— -=/ (ko + ki cos y) cos yV/1 — (ko + &; cos y)? dy} 

a mw? J6 ¢ ? 


SE. Peterson and L. W. Hussey, Equivalent Modulator Circuits, B. S. T. J., Vol. 18, 
pp. 32-48, Jan. 1939. 
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Similarly for a linear rectifier: 





Ay = aP — Ajo } (3.4 
An = aQ — An 
Ann = (—)"""Ann, mtn>i 


We have shown in Fig. 2 how an ideal limiting characteristic, which trans- 
mits linearly between the upper and lower limits, may be synthesized from 
two biased linear rectification characteristics. Equation (3.4) shows how 
to calculate the corresponding modulation coefficients, when the coefficients 
for bias of one sign are known. The limiter characteristic is equal to az— 


fi (z) — fe (2), where 


z2—b, 2>)b 0, 2> —bdbe 
fi@ =a fe (2) =a (3.5) 
0, s<d, 2+ be, 2< —b 


The expression for f2 (2) may also be written: 
s— (—b), z> —bh 
0, 2 < — by 


fa (2) = a (2 + be) — «( (3.6) 
Hence the modulation coefficient A,,, for the limiter may be expressed in 
terms of Amn (b1) and Amn (—02) as follows: 


Ain = —Amn (b;) + (—)*** Ann (bs), m + n x 1 (3.7) 


If the limiter is symmetrical (b; = }2), the even-order products vanish and 
the odd orders are doubled. The terms aP, aQ are to be added to the 
dexter of (3.7) for A1o, Ao: respectively. The odd linear-rectifier coefficients, 
when multiplied by two, thus give the modulation products in the output 
of a symmetrical limiter with maximum amplitude ko, as may be seen by 
substituting 6; = b: = —&o in (3.7). For the fundamental components 
aP and aQ respectively must be subtracted from twice the Ayo and Aq co- 
efficients for ko. 


LINEAR RECTIFIER COEFFICIENTS 


D.C. 


Ae jap = n+, [" |Vi = Ge + cos yy 
2 Ww Jo (3.8) 


— (ko + ki cos y) arc (cos ky + ki cos y)] dy 
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FUNDAMENTALS 


‘if se ‘ earner 
{/aP = 1+ | [(Ro + ki cos y) V1 — (ho + ki cos y)? 
Ww J6 (3.9) 
— arc cos (ky + k; cos y)| dy 
i / = 
Ay/aP =k +; lV1 — (kyo + ki cos y)? 
Ww J9 (3.10) 
— (ky + k, cos y) arc cos (ko + &; cos y)] cos y dy 
SuM AND DIFFERENCE Propucts—Second Order 
aP f" 7 
An = —> [ (Ro + ki cos y) V1 — (ko + ki cos y)? 
> we (3.11) 
— arc cos (ko + 1 cos y)] cos y dy 
SuM AND DIFFERENCE PRropucts—Third Order 
4 ) Fd oe oR 
An = = [1 — (ko + ki cos y)*]** cos y dy (3.12) 
or 6 


The above products are the ones usually of most interest. Others can 
readily be obtained either by direct integration or by use of recurrence 
formulas. The following set of recurrence formulas were originally derived 
by Mr. S. O. Rice for the biased linear rectifier: 


2n Amn + ki (n — m — 3) Amita—i 
+ hi (m+ nt 3)Amein—-1 + 2hon Amsin = 0 | 
2n Amn + ki (n + m — 3) Am-iin41 
+ ki (n — m+ 3)Am-inti + 2kom Amin = 0 | 
2m ki Amn + (m — n — 3) Am-inti 
+ (m+ n+ 3)Amsiari + 2kom Amny = 9 
2m ky Amn + (m+n — 3) Am-ian-1 | 
| 


+ (m — n+ 3)Amtia-1 + 2kom Anni = 0 | 


By means of these relations, all products can be expressed in terms of Ago, 
Ajo, An, and Ay. The following specific results are tabulated: 


An = 3(Aoo - 2k: An = 2ko A10) ) 


1 , (3.14) 
Aw = (ky Aw = 2An — 2ko Agi) 1 
3k, } 













































BELL SYSTEM TECHNICAL JOURNAL 


\ 


Ax = }(An — ki Aw — ko An) | 


a (3 
Ay = 7 (ky Aw — Aor — ko Au) 
ZR\ 
Ax a — ky Aa a ky Ag ) 
1 | ) Ss 
Aog = ~¢ (Ro Ave + Aw) | 
1 


The third-order product A» is of considerable importance in the desig 
of carrier amplifiers and radio transmitters, since the (2p — q)-product is 
the cross-product of lowest order falling back in the fundamental band w 
overload occurs. Figure 14 shows curves of A»: calculated by Mr. J. 0 
Edson from Eq. (3.12) by mechanical integration. 

We point out also that the linear-rectifier coefficients give the Fourier 
series expansion of the admittance of a biased square-law rectifier when two 
frequencies are applied. 

We shall next discuss the problem of reduction of the integrals appearing 
above to a closed form in terms of tabulated elliptic integrals’. This can 
be done for all the coefficients above except the d-c for the zero-power law 
and for the d-c and two fundamentals for the linear rectifier. These contain 
the integral 


Elko, &) = | arc cos (ko + k; cos y) dy (3.17) 
6 


which has been calculated separately and plotted in Fig. 22. When the 
arc cos term is accompanied by cos myas a multiplier with m # 0, an integra- 
tion by parts is sufficient to reduce the integrand to a rational function of 
cos y and the radical 1/1 — (ko + ki cos y)?, which may be reduced at once 
to a recognizable elliptic integral by the substitution z = cos y. It is 
found that all the integrals except that of (3.17) appearing in the results 
can be expressed as the sum of a finite number of integrals of the form: 
om? 2™ dz 

2m = [, Vii — #)(1 — (& + fiz) Reheme re; kee 

By differentiating the expression z™ ° +/(1 — z)?({1 — (Ro + &1 2°] with 
respect to z, we may derive the recurrence formula: 


1 
~ (m — 1)R} [((2m — 3)ko ky 2m—1 


+ (m — 2)(ko — Ri — 1)Zn-2 (3.19 
— (2m — 5)kokiZm-3 + (m — 3)(1 — R5)Zm-—a] 
* Power series expansions of coefficients such as treated here have been given by A. G 


Tynan, Modulation Products in a Power Law Modulator, Proc. I. R. E., Vol. 21, pp 
1203-1209, Aug. 1933. 
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Fig. 14.—(2p + g)—Product from linear rectifier with bias. 































BELL SYSTEM TECHNICAL JOURNAL 





162 


It thus is found that the value of Z,, for all values of m greater than 2 can }e 
expressed in terms of Zo, Z;, and 22. 
Eq. (3.18) may be written in the form: 





Zz 1 im 2™.dz ' 
im = —= — (3.20 
ki Jz, V (z — 21) (% — 22) (23 — 2)(z% — 2) 
2) = —(1 + ko) hi,2= —1 
(1 —_ ko) ky s Case 1) 
23 > 
1, Case II \ (3.21 
1, Case I 
4 = 
(1 — ko)/ki, Case II, 
The substitution 
5 = Melts — 21) — 21(t5 — m2)u (3.22) 
ig-~- 3 — (Zs = Zo) u? 
reduces the integral to 
2 fa Be 
Zn = 5 v7, a (« ue =) ? (3.23 
1V (2 — 22)(%3 — 2) 0 Vil — u®)(1 — cu?) 
where: 
<a> (3.24) 
23 — 21 
P. Pn (24 — 21) (2s — %) (3.25) 


(z4 — 22)(2 — 21) 

Hence if K, E and II represent respectively complete elliptic integrals of 
the first, second, and third kinds with modulus «, and in the case of third 
kind with parameter —n, we have immediately: 


2K 


LS 3.26) 
ky V (% = Z2) (23 — 21) 
2[z: K + (22 — 2) IT} 
iz ro $$ $_$_____ + = 3.27) 
ki (eq — 22)(z3 — 21) , 
? 
7, =, - a — — 2 K aa 2 _— ll 
“ ky V (2% — %2)(z3 — 21) | ; -_ - (3.28) 


. ee: 
+ @ — m) | (1 — nw) V1 — w) (1 — 7H | 
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'o complete the evaluation of Z2, assume a relation of the following type 
vith undetermined constants Ci, Co, C3, Ca: 


| du C [ du 

had—-mwyVa-w@a—-e@w) "bh Va — 2) (1-22) 
: Aw oe . du 

+c [ V- —— da-+Cs | 7 ; 

0 1- 0 (1 — nw) V (1 — #) (1 — 2 W?) 


. svi — 2 — «2? 
Sal BY > ALE = (3.29) 
1 — n2 






































RATIO OF PRODUCT AMPLITUDE TO LARGER FUNDAMENTAL 
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Fig. 15.—Fundamentals and (2p + g)—product from full-wave biased zero-power-law 
rectifier with ratio of applied fundamental amplitudes equal to 0.5. F, = larger funda- 
mental, F2 = smaller fundamental, F; = (2p + g)—product. 





Differentiate both sides with respect to z, set z = 1, and clear fractions. 
Equating coefficients of like powers of 2 separately then gives four simul- 
taneous equations in Cj, C2, C3, Cs. Solving for C), C2, C3 and setting z = 1 
in (3.29) gives 


du r ; 
[ ; 2,2 / > ~sessir E aes | K+ = 
o (1 — ne) VV (1 — wv) (1 — «2 UX?) 2(n — 1) 

aie = = 
(2n )« n(n — 2) n| 


r—7 


+ (3.30) 
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RATIO OF BIAS TO LARGER FUNDAMENTAL 
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ig. 16.—Fundamentals and (2p + g)—product from full-wave biased zero-power-law 
rectifier with equal applied fundamental amplitudes. 
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Fig. 17.—The integral Z,, with ki = 0.5. 


Since the necessary tables of IT are not available, we make use of Legendre’s 
- ° 10 ° ° ° ° 
Transformation, which in this case gives: 


10 Legendre, Traités des Fonctions Elliptiques, Paris, 1825-28, Vol. I, Ch. XXIII. 
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Fig. 18.—D-c. term in linear rectifier output with two applied frequencies 


. 


1.0 





08 
08 
Aoi 

0.4 

r) 

) 02 04 O06 O08 1.0 12 4 16 #18 «20 
K 
) 


Fig. 19.—Smaller fundamental in biased linear rectifier output. 


J tan @ i ‘a gee 
NH=-K+ 74 ————= [KE(¢) — EF(¢)] (3.31) 
V1—x«*sin*¢ 
1/2 
¢@ = arc sin . (3.32) 
K 
F( [. = (3.33 
¢) = 0 V1—«' sin’ @ ni 


o 
E(¢) = [ V/1— «sin?6 dé (3.34) 
0 


The functions F(@) and E(@) are incomplete elliptic integrals of the first 
and second kinds. They are tabulated in a number of places. Fairly good 
tables, e.g. the original ones of Legendre, are needed here since the difference 
between KE(¢) and EF(@) is relatively small. 
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Fig. 22.—Graph of the integral = (ko h1). 


Summarizing: 
Case I, ko + By > i ky — ky 4 
— K 
| = V/ ky 
+ ee eats ' 
ae = [KE(¢) — EF(¢)] — Z% 
1 
i= . pA ky Z 4 E 
2 ky “0 04] V/ ky 


a Pde 1)? — & 
4k, 


@ = arc sin Vi Dh 
l+kh+ hi J 


Case II, ko + hi <1, bo — by, > —1 
2K 








Zz => —) oa ——~ : 
°" V+ ki? — 
fia : [KE(4) — EF(#)] — Zo 
1 
1 o aaa ; 
2, = QR? | + ki — ko)Zo — 2kokiZ; — 2E-V(1 + hk)? — a | (3.36) 
1 
[4k 
(= | Seioon 1 
“= a+h?-# 
arc sin / wre a 
= y, 


(3.35) 
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The values of the fundamentals and third-order sum and_ difference 


products for the biased zero-power-law rectifier have been calculated by the 
formulas above for the cases k; = .5 and kj = 1. The resulting curves are 
shown in Fig. (15) and (16). The values of the auxiliary integrals Zo, 7: , 
and Z. are shown for k; = .5 in Fig. (17). These integrals become intinite 
at ky = 1 — k, so that the formulas for the modulation coefficients become 
indeterminate at this point. The limiting values can be evaluated from 
the integrals (3.3), etc., directly in terms of elementary functions when the 
relation ky = 1 — &; is substituted, except for the Z-function. 

Limiting forms of the coefficients when &, is small are of value in calcu- 
lating the effect of a small signal superimposed on the two sinusoidal com- 
ponents in an unbiased rectifier. By straightforward power-series expan- 
sion in ko, we find: 

Zero-Power-Law Rectifier, ky Small: 


2E 


4 
Ap =F - 
r w(1 — R 


me ares | 


fo. = . [E-—(1—&i)Ki + : ( . ~k)k4 
— on ; mw ki \1 : viiial 


i 
(3.37) 
An = : (1 — 2kE — (1 — &i)K] 
z ark, 
2 . 1—26 ohis 
K - E |ko cee 
In the above expressions, the modulus of A and E is ky. When ky = 0, 


these coefficients reduce to half the values of the full-wave unbiased zero- 
power-law coefficients, which have been tabulated in a previous publication. — 
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Properties and Uses of Thermistors--Thermally 
Sensitive Resistors* 


By J. A. BECKER, C. B. GREEN and G. L. PEARSON 


A new circuit element and control device, the thermistor or thermally sensitive 
resistor, is made of solid semiconducting materials whose resistance decreases 
about four per cent per centigrade degree. The thermistor presents interesting 
opportunities to the designer and engineer in many fields of technology for ac 
complishing tasks more simply, economically and better than with available 
devices. Part I discusses the conduction mechanism in semiconductors and the 
criteria for usefulness of circuit elements made from them. The fundamental 
physical properties of thermistors, their construction, their static and dynamic 
characteristics and general principles of operation are treated. 

Part II of this paper deals with the applications of thermistors. These include: 
sensitive thermometers and temperature control elements, simple temperature 
compensators, ultrahigh frequency power meters, automatic gain controls for 
transmission systems such as the Types K2 and L1 carrier telephone systems, 
voltage regulators, speech volume limiters, compressors and expandors, gas pres 
sure gauges and flowmeters, meters for thermal conductivity determination of 
liquids, and contactless time delay devices. Thermistors with short time con 
stants have been used as sensitive bolometers and show promise as simple com 
pact audio-frequency oscillators, modulators and amplifiers 


PART I—PROPERTIES OF THERMISTORS 


INTRODUCTION 


HERMISTORS, or thermally sensitive resistors, are devices made ol 
solids whose electrical resistance varies rapidly with temperature. 
Even though they are only about 15 years old they have already found im- 
portant and large scale uses in the telephone plant and in military equip- 
ments. Some of these uses are as time delay devices, protective devices 
voltage regulators, regulators in carrier systems, speech volume limiters, 
test equipment for ultra-high-frequency power, and detecting elements for 
very small radiant power. In all these applications thermistors were 
chosen because they are simple, small, rugged, have a long life, and requir: 
little maintenance. Because of these and other desirable properties, ther 
mistors promise to become new circuit elements which will be used exten 
sively in the fields of communications, radio, electrical and _ therma! 
instrumentation, research in physics, chemistry and biology, and war tech 
nology. Specific types of uses which will be discussed in the second part 
of this paper include: 1) simple, sensitive and fast responding thermometers, 
* Published in Elec. Engg., November 1946. 
The authors acknowledge their indebtedness to Messrs. J. H. Scaff and H. C. Theuerer 


for furnishing samples for most of the curves in Fig. 4, and to Mr. G. K. Teal for the data 
for the lowest curve in that figure. 
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emperature compensators and temperature control devices; 2) special 
witching devices without moving contacts; 3) regulators or volume limiters; 
t) pressure gauges, flowmeters, and simple meters for measuring thermal 
onductivity in liquids and gases; 5) time delay and surge suppressors; 6) 
special oscillators, modulators and amplifiers for relatively low frequencies. 
Before these uses are discussed in detail it is desirable to present the physical 
principles which determine the properties of thermistors. 

The question naturally arises ‘‘why have devices of this kind come into 
use only recently?”’ The answer is that thermistors are made of semi- 
conductors and that the resistance of these can vary by factors up to a 
thousand or a million with surprisingly small amounts of certain impurities, 
with heat treatment, methods of making contact and with the treatment 
during life or use. Consequently the potential application of semiconduc- 
tors was discouraged by experiences such as the following: two or more 
units made by what appeared to be the same process would show large 


variations in their properties. Even the same unit mi 


ght change its re- 
sistance by factors of two to ten by exposure to moderate temperatures or 
to the passage of current. Before semiconductors could seriously be con- 
sidered in industrial applications, it was necessary to devote a large amount 
of research and development effort to a study of the nature of the conduc- 
tivity in semiconductors, and of the effect of impurities and heat treatment 
on this conductivity, and to methods of making reliable and permanent 
contacts to semiconductors. Even though Faraday discovered that the 
resistance of silver sulphide changed rapidly with temperature, and even 
though thousands of other semiconductors have been found to have large 
negative temperature coefficients of resistance, it has taken about a century 
of effort in physics and chemistry to give the engineering profession this 
new tool which may have an influence similar to that of the vacuum tube 
and may replace vacuum tubes in many instances. 

If thermistors are to be generally useful in industry: 

1) it should be possible to reproduce units having the same character- 

istics; 


2 


— 


it should be possible to maintain constant characteristics during use; 
the contact should be permanent and the unit should be chemically 
inert ; 

the units should be mechanically rugged; 


3 


4) the technique should be such that the materia! can be formed into 


— 


various shapes and sizes; 


uw 
ma 


it should be possible to cover a wide range of resistance, temperature 
coefficient and power dissipation. 
Thermistors might be made by any method by which a semiconductor 
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could be shaped to definite dimensions and contacts applied. These met 
ods include: 1) melting the semiconductor, cooling and solidifying, cutti: g 
to size and shape; 2) evaporation; 3) heating compressed powders of sen 

conductors to a temperature at which they sinter into a strong compact 
mass and firing on metal powder contacts. While all three processes have 
been used, the third method has been found to be most generally usefu! 
for mass production. This method is similar to that employed in ceramics 
or in powder metallurgy. At the sintering temperatures the powders 
recrystallize and the dimensions shrink by controlled amounts. The powder 
process makes it possible to mix two or more semiconducting oxides in 
varying proportions and obtain a homogeneous and uniform solid. It is 


thus possible to cover a considerable range of specific resistance and tem- 





Fig. 1.—Thermistors made in the form of a bead, rod, disc, washer and flakes. 


perature coefficient of resistance with the same system of oxides. By 
means of the powder process it is possible to make thermistors of a great 
variety of shapes and sizes to cover a large range of resistances and power 
handling capacities. 

Figure 1 is a photograph of thermistors made in the form of beads, rods, 
discs, washers and flakes. Beads are made by stringing two platinum alloy 
wires parallel to each other with a spacing of five to ten times the wire diam- 
eter. A mass of a slurry of mixed oxides is applied to the wires. Surface 
tension draws this mass into the form of a bead. From 10 to 20 such beads 
are evenly spaced along the wires. The beads are allowed to dry and are 
heated slightly until they have sufficient strength so that the string can be 
handled. They then are passed through the sintering furnace. The oxides 
shrink onto the platinum alloy wires and make an intimate and permanent 
electrical contact. The wires then are cut to separate the individual beads 
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(he diameters of the bead, range from 0.015 to 0.15 centimeters with wire 
iameters ranging from 0.0025 to 0.015 centimeters. 

Rod thermistors are made by mixing the oxides with an organic binder 
id solvent, extruding the mixture through a die, drying, cutting to length, 
eating to drive out the binder, and sintering at a high temperature. Con- 

tacts are applied by coating the ends with silver, gold, or platinum paste 
is used in the ceramic art, and heating or curing the paste at a suitable 
temperature. The diameter of the rods can ordinarily be varied from 0.080 
to 0.64 centimeter. The length can vary from 0.15 to 5 centimeters 

Discs and washers are made in a similar way by pressing the bonded 
powders in a die. Possible disc diameters are 0.15 to 3 or 5 centimeters; 
thicknesses from 0.080 to 0.64 centimeter. 

Flakes are made by mixing the oxides with a suitable binder and solvent 
toa creamy consistency, spreading a film on a smooth glass surface, allowing 
the film to dry, removing the tilm, cutting it into flakes of the desired size 
and shape, and firing the flakes at the sintering temperatures on smooth 
ceramic surfaces. Contacts are applied as described above. Possible 
dimensions are: thickness, 0.001 to 0.004 centimeter; length, 0.1 to 1.0 
centimeter; width, 0.02 to 0.1 centimeter 

In any of these forms lead wires can be attached to the contacts by solder- 
ing or by firing heavy metal pastes. The dimensional limits given above 
are those which have been found to be readily attainable. 

In the design of a thermistor for a specific application, the following 
characteristics should be considered: 1) Mechanical dimensions including 
those of the supports. 2) The material from which it iS made and its prop 
erties. These include the specific resistance and how it varies with tem 
perature, the specific heat, density, and expansion coefficient. 3) The 
dissipation constant and power sensitivity. The dissipation constant is 
the watts that are dissipated in the thermistor divided by its temperature 
rise in centigrade degrees above its surroundings. The power sensitivity is 
the watts dissipated to reduce the resistance by one per cent. These con- 
stants are determined by the area and nature of the surface, the surrounding 
medium, and the thermal conductivity of the supports. 4) The heat ca- 
pacity which is determined by specific heat, dimensions, and density. 5 
The time constant. This determines how rapidly the thermistor will heat 
or cool. If a thermistor is heated above its surroundings and then allowed 
to cool, its temperature will decrease rapidly at first and then more slowly 
until it finally reaches ambient temperature. The time constant is the time 
required for the temperature to fall 63 per cent of the way toward ambient 
temperature. The time constant in seconds is equal to the heat capacity 
in joules per centigrade degree divided by the dissipation constant in watts 
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per centigrade degree. 6) The maximum permissible power that can 
dissipated consistent with good stability and long life, for continuous op« 
tion, and for surges. This can be computed from the dissipation constant 
and the maximum permissible temperature rise. This and the resistanc 
temperature relation determine the maximum decrease in resistance. 


om 


PROPERTIES OF SEMICONDUCTORS 


As most thermistors are made of semiconductors it is important to discuss 
the properties of the latter. A semiconductor may be defined as a substance 
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Fig. 2.—Logarithm of specific resistance versus temperature for three thermistor ma- 
terials as compared with platinum. 


whose electrical conductivity at or near room temperature is much less than 
that of typical metals but much greater than that of typical insulators 
While no sharp boundaries exist between these classes of conductors, one 
might say that semiconductors have specific resistances at room tempera- 
ture from 0.1 to 10° ohm centimeters. Semiconductors usually have high 
negative temperature coefficients of resistance. As the temperature is 
increased from 0°C. to 300°C., the resistance may decrease by a factor of a 
thousand. Over this same temperature range the resistance of a typical 
metal such as platinum will increase by a factor of two. Figure 2 shows 
how the logarithm of the specific resistance, p, varies with temperature, 7, 
in degrees centigrade for three typical semiconductors and for platinum. 
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urves 1 and 2 are for Materials No. 1 and No. 2 which have been exten 
ively used to date. 
ixides. 
obalt. 
temperature relation is not known as accurately as it is at lower tempera 


Material No. 1 is composed of manganese and nickel 
Material No. 2 is composed of oxides of manganese, nickel and 
The dashed part of Curve 2 covers a region in which the resistance 
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Fig. 3.—Logarithm of the specific resistance of two thermistor materials as a function 
of inverse absolute temperature. See equation (1) 


oxides in the proportions to form zinc ferrite. From Fig. 2 it is obvious 
that neither the resistance R nor log R varies linearly with 7. 


Figure 3 shows plots of log p versus 1/7 for Materials No. 1 and No. 2. 


These do form approximate straight lines. Hence 
B/T (B/T BiT 9 
P= Pe€ OF p = poe ‘ (1) 
where JT = temperature in degrees Kelvin; p. = p when 7 = ~ or1/T = 0; 


po = pwhen 7 = Ty ;« = Naperian base = 2.718 and B is a constant equal 
to 2.303 times the slope of the straight lines in Fig. 3. The dimensions of B 
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are Kelvin degrees or centigrade degrees; it plays the same role in equati 
(1) as does the work function in Richardson’s equation for thermior 
emission. For Material No.1, 6 = 3920C°. This corresponds to an el 
tron energy equivalent to 3920 11600 or 0.34 volt. 

While the curves in Fig. 3 are approximately straight, a more care! 
investigation shows that the slope increases linearly as the temperati 
increases. From this it follows that a more precise expression for p is: 


Ow OF pie ceded or 
log p = log .f — clog T + D/2.303T 


The constant ¢ is a small positive or negative number or zero. For M 
terial No. 1, log = 5.563, ¢ = 2.73 and D = 3100. For a particul 
form of Material No. 2 log 1 = 11.514, ¢ = 4.83 and D = 2064. 

If we define temperature coefficient of resistance, a, by the equation 


a = (1/R) (dR/dT) (3 


it follows from equation (1) that 


a= —B'T*. (4 
For Material No. 1 and T = 300°K, a = —3920 90,000 = —0.044. For 
platinum, a = +0.0037 or roughly ten times smaller than for semiconduc 


tors and of the opposite sign. From equation (2) it follows that 

a = —(D/T°) — (¢/T). (5 
From equation (3) it follows that 

a = (1 2.303) (d log R dT). (6 


For a discussion of the nature of the conductivity in semiconductors, 
it is simpler and more convenient to consider the conductivity, o, rather 


than the resistivity, p. 
¢=1/p and log a = —log p. (7 


The characteristics of semiconductors are brought out more clearly if the 
conductivity or its logarithm are plotted as a function of 1/7 over a wide 
temperature range. Figure 4 is such a plot fer a number of silicon sam 
ples containing increasing amounts of impurity. At high temperatures 
all the samples have nearly the same conductivity. This is called the 
intrinsic conductivity since it seems to be an intrinsic property of silicon 
At low temperatures the conductivity of different samples varies by large 
factors. In this region silicon is said to be an impurity semiconductor 
For extremely pure silicon only intrinsic conductivity is present and the 
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esistivity obeys equation (1). As the concentration of a particular im- 
purity increases, the conductivity increases and the impurity conduc tivity 
predominates to higher temperatures. Some impurities are much more 
effective in increasing the conductivity than others. One hundred parts 
per million of some impurities may increase the conductivity of pure silicon 
1t room temperature by a factor of 10’. Other impurities may be present 
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Fig. 4.—Logarithm of the conductivity of various specimens of silicon as a function 
of inverse absolute temperature. The conductivity increases with the amount of im- 
purity. 
in 10,000 parts per million and have a small effect on the conductivity. 
Two samples may contain the same concentration of an impurity and still 
differ greatly in their low temperature conductivity; if the impurity is in 
solid solution, i.e., atomically dispersed, the effect is great; if the impurity ° 
is segregated in atomically large particles, the effect is small. Since heat 
treatments affect the dispersion of impurities in solids, the conductivity of 
semiconductors may frequently be altered radically by heat treatment. 
Some other semiconductors are not greatly affected by heat treatment. 


































178 





BELL SYSTEM TECHNICAL JOURNAL 


The impurity need not even be a foreign element: in the case of oxides or 
sulphides, it can be an excess or a deficiency of oxygen or sulphur from the 
exact stoichiometric relation. This excess or deficiency can be brou; 
about by heat treatment. Figure 5 shows how the conductivity depends 
on temperature for a number of samples of cuprous oxide, Cu.0, heat 
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Fig. 5.—Logarithm of the conductivity of various specimens of cuprous oxide as a 
function of inverse absolute temperature. The conductivity increases with the amount 
of excess oxygen above the stoichiometric value in CueO. Data from reference 1. 


treated in such a way as to result in varying amounts of excess oxygen from 
zero to about one per cent.' The greater the amount of excess oxygen the 
greater is the conductivity in the low temperature range. At high tem- 
peratures, all samples have about the same conductivity. 

Semiconductors can be classified on the basis of the carriers of the current 
into ionic, electronic, and mixed conductors. Chlorides such as NaCl and 
some sulphides are ionic semiconductors; other sulphides and a fewoxides 
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such as uranium oxide are mixed semiconductors; electronic semiconductors 
include most oxides such as Mn.Q3, Fe2O3, NiO, carbides such as silicon 
arbide, and elements such as boron, silicon, germanium and tellurium. 
In ionic and mixed conductors, ions are transported through the solid. 
[his changes the density of carriers in various regions, and thus changes 
the conductivity. Because this is undesirable, they are rarely used in mak- 
ing thermistors, and hence we will concentrate our interest on electronic 
semiconductors. 

The theoretical and experimental physicists have established that there 
are two types of electronic semiconductors which can be called N and P 
type, depending upon whether the carriers are negative electrons or are 
equivalent to positive “holes’’ in the filled energy band. In N type, the 
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Fig. 6.—Schematic energy level diagrams illustrating intrinsic, VN and P types of semi- 
conductors. 


carriers are deflected by a magnetic field as negatively charged particles 
would be and conversely for P type. The direction of deflections is ascer- 
tained by measurement of the sign of the Hall effect. The direction of the 
thermoelectric effect also fixes the sign of the carriers. By determining 
the resistivity, Hall coefficient and thermoelectric power of a particular 
specimen at a particular temperature it is possible to determine the density 
of carriers, whether they are negative or positive, and their mobility or mean 
free path. The mobility is the mean drift velocity in a field of one volt per 
centimeter. 

The existence of these classifications is explained by the theoretical physi- 
cist?-#-4 in terms of the diagrams in Fig. 6. In an intrinsic semiconductor 
at low temperatures the valence electrons completely fill all the allowable 
energy states. According to the exclusion principle only one electron can 
occupy a particular energy state in any system. In semiconductors and 
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insulators there exists a region of energy values, just above the allowed bar 
which are not allowed. The height of this unallowed band is expressed 
equivalent electron volts, AE. Above this unallowed band there exists a 
allowed band; but at low temperatures there are no electrons in this ban 
When a field is applied acress such a semiconductor, no electron can 
accelerated, because if it were accelerated its energy would be increased | 
an energy state which is either filled or unallowed. As the temperature 
raised some electrons acquire sufficient energy to be raised across the uw 
allowed band into the upper allowed band. These electrons can be a 
celerated into a slightly higher energy state by the applied field and th 
can carry current. For every electron that is put into an “activated 
state there is left behind a “hole” in the normally filled band. Other 
electrons having slightly lower energies can be accelerated into these holes 
by the applied field. The physicist has shown that these holes act toward 
the applied field as if they were particles having a charge equal to that of a 
electron but of opposite sign and a mass equal to or somewhat larger tha: 
the electronic mass. In an intrinsic semiconductor about half the con- 
ductivity is due to electrons and half due to holes. 

The quantity AE is related to B in equation (1) by: 


2B = (AZ) e/k (8 


in which B is in centigrade degrees, AE is in volts, e is the electronic charge 
in coulombs, & is Boltzmann’s constant in joules per centigrade degree 
The value of e/ is 11,600 so that 


AE = B/5800. (Sa 


The difference between metals, semiconductors, and insulators results 
from the value of AE. For metals AEF is zero or very small. For semicon- 
ductors AE is greater than about 0.1 volt but less than about 1.5 volts 
For insulators AEF is greater than about 1.5 volts. 

Some impurities with positive vaiencies which may be present in the semi- 
conductor may have energy states such that AF, volts equivalent energ) 
can raise the valence electron of the impurity atom into the allowed con 
duction band. See Figure 6. The electron now can take part in conduc- 
tion; the donator impurity is a positive ion which is usually bound to a par 
ticular location and can take no part in the conductivity. These are excess 
or N type conductors. The conductivity depends on the density of dono 
tors, AZ, , and 7. 

Similarly some other impurity with negative valencies may have ai 
energy state AE» volts above the top of the filled band. At room tempera 
ture or higher, an electron in the filled band may be raised in energy an 
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,ccepted by the impurity which then becomes a negative ion and usvally 
;immobile. However, the resulting hole can take part in the conductivity. 
In all cases represented in Fig. 6 an electron occupying a higher energy 
level than a positive ion or a hole has a certain probability that in any 
short interval of time it will drop into a lower energy state. However, dur- 
ing this same time interval there will be electrons which will be raised to a 
higher energy level by thermal agitation. When the number of electrons 
per second which are being elevated is equal to the number which are de- 
scending in energy, equilibrium prevails. The conductivity, ¢, is then 


o= Ne31+ Per (9) 


where N and P are the concentrations of electrons and holes respectively, 
e is the charge on the electron, 1; and v2 are the mobilities of electrons and 
holes respectively. 

The above picture explains the following experimental facts which other- 
wise are difficult to interpret. 1) N type oxides, such as ZnO, when heated 
in a neutral or slightly reducing atmosphere become good conductors, 
presumably because they contain excess zinc which can donate electrons. 
If they then are heated in atmospheres which are increasingly more oxidiz- 
ing their conductivity decreases until eventually they are intrinsic semi- 
conductors or insulators. 2) P type oxides, such as NiO, when heat treated 
in strongly oxidizing atmospheres are good conductors. Very likely they 
contain oxygen in excess of the stoichiometric relation and this oxygen 
accepts additional electrons. When these are heated in less oxidizing or 
neutral atmospheres they become poorer conductors, semiconductors, or 
insulators. 3) When a P type oxide is sintered with another P type oxide, 
the conductivity increases. Similarly for two N type oxides. But when a 
P type is added to an N type the conductivity decreases. 4) If a metal 
forms several oxides the one in which the metal exerts its highest valence is 
N type, while the one in which it exerts its lowest valence will be P type.® 

For several reasons it is desirable to survey the whole field of semicon- 
ductors for resistivity and temperature coefficient. One way in which this 
might be done is to draw a line in Figure 3 for each specimen. Before long 
such a figure would consist of such a maze of intersecting lines that it would 
be difficult to single out and follow any one line. The information can be 
condensed by plotting log pp versus B in equation (1) for each specimen.® 
The most important characteristics of a specimen thus are represented by 
a single point and many more specimens can be surveyed in a single diagram. 
Figure 7 shows such a plot for a large number of semiconductors investi- 
gated at these Laboratories or reported in the literature. Values for po 
and B are given for T = 25 degrees centigrade. The points forma sort of 
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milky way. Semiconductors having a high po are likely to have a h 
value of B and vice versa. Ifa series of semiconductors have points in F ¢ 
7 which fall on a straight line with a slope of 1/2.37) , they have a comn 
intercept in Fig. 3 for (1/7) = 0. 
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B IN © AT 25T 
_ Fig. 7.—Logarithm of the resistivity of various semiconducting materials as a fun 
tion of B in equation (1). The quantity, B, is proportional to the temperature coefficient 
of resistance as given in equation (4). 


PHYSICAL PROPERTIES OF THERMISTORS 


Qne of the most interesting and useful properties of a thermistor is the | 
way in which the voltage, V, across it changes as the current, J, through | | 
it increases. Figure 8 shows this relationship for a 0.061 centimeter diam- 
eter bead of Material No. 1 suspended in air. Each time the current is 
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changed, sufficient time is allowed for the voltage to attain a new steady 
value. Hence this curve is called the steady state curve. For sufficiently 
small currents, the power dissipated is too small to heat the thermistor 
appreciably, and Ohm’s law is followed. However, as the current assumes ‘ 
larger values, the power dissipated increases, the temperature rises above 
ambient temperature, the resistance decreases, and hence the voltage is less 
than it would have been had the resistance remained constant. At some 
current, J, , the voltage attains a maximum or peak value, V,,. Beyond 
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MILLIAMPERES 
Fig. 8.—Static voltage-current curve for a typical thermistor. The numbers on the 
curve are the centigrade degrees rise in temperature above ambient 


this point as the current increases the voltage decreases and the thermistor 
is said to have a negative resistance whose value is dV /dJ. The numbers on 
the curve give the rise in temperature above ambient temperature in centi- 
grade degrees. 

Because currents and voltages for different thermistors cover such ai, 
large range of values it has been found convenient to plot log V versus log J. 
Figure 9 shows such a plot for the same data as in Fig. 8. For various points 
on the curve, the temperature rise above ambient temperature is given. 
In a log plot, a line with a slope of 45 degrees represents a constant resist- 
ance; a line with a slope of —45 degrees represents constant power 
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For a particular thermistor, the position of the log V versus log J plo. is 
shifted, as shown in Fig. 10, by changing the dissipation constant C. ‘| his 
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Fig. 10.—Logarithmic plots of voltage versus current for three values of the dissipa 
tion constant C. 
of the figure. 
can be done by changing the air pressure surrounding the bead, changing 
the medium, or changing the degree of thermal coupling between the thermis- 
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Fig. 9.—Logarithmic plot of static voltage-current curve for the same data as in Figure 
8. The diagonal lines give the values of resistance and power. 
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These curves are calculated for the constants given in the upper part 
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tor and its surroundings. The value of C for a particular thermistor in 
‘iven surroundings can readily be determined from the V versus J curve in 
ither Figs. 8 or 9. For each point, V/J is the resistance while V times J 
s W, the watts dissipated. The resistance data are converted to tempera- 
ture from R versus T given by equation (2). A plot is then made of W 
versus J. For thermistors in which most of the heat is conducted away, 
W will increase linearly with 7, so that C is constant. For thermistors 
suspended by fine wires in a vacuum, W will increase more rapidly than pro- 
portional to 7, and C will increase with T. For thermistors of ordinary 
size and shape, in still air, C/Area = 1 to 40 milliwatts per centigrade degree 
per square centimeter depending upon the size and shape factor. 


B=3900 C=5X10“WATTS/DEG. T= 300°K 
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Fig. 11.—Logarithmic plots of voltage versus current for three values of the resistance, 
Ro, at ambient temperature. These curves are calculated for the constants given in the 
upper part of the figure. 


The user of a thermistor may want to know how many watts can be dis- 
sipated before the resistance decreases by one per cent. This may be called 
the power sensitivity. It is equal toC/(a@ X 100), and amounts to about 
one to ten milliwatts per square centimeter of area in still air. Both C and 
the power sensitivity increase with air velocity. The dependence of C on 
gas pressure and velocity is the basis of the use of thermistors as manom- 
eters and as anemometers or flowmeters. Note that in Fig. 10 onecurve 
can be superposed on any other by a shift along a constant resistance line. 

Figure 11 shows a family of log V versus log J curves for various values on 
Ry while B, C, and 7, are kept constant. This can be brought about by 
changing the length, width and thickness to vary Rp while the surface area 
is kept constant. If the resistance had been changed by changing the am- 
bient temperature, 7 , the resulting curves would not appear very different 
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from those shown. 


Note that one curve can be superposed on any ot 


curve by a shift along a constant power line. 

Figure 12 shows a family of log V versus log J curves for eight differ 
In contrast to the cur 
in Figs. 10 and 11 in which any curve could be obtained from any ot 


values of B while C, Ro , 


and 7) are kept constant. 


curve by a shift along an appropriate axis, the curves in Fig. 12 are e 


distinct. 
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R= 5Q000 OHMS 


For each curve there exists a limiting ohmic resistance for 
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Fig. 12.—Logarithmic plots of voltage versus current for eight values of B in equation 
(1). These curves are calculated for the constants given in the upper part of the figure 


currents and another for high currents. 
As B becomes larger the log of the ratio of the two limiting resistances in 
Note also that for B > 1200 K°, the curves have 
For large B values this maximum occurs at low powers and 


creases proportional to B. 


a maximum. 


\ 





hence at low values of 7 — 
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CURRENT iN AMPERES 


To ° 


For B < 1200 K°, no maximum exists. 


The curves in Figs. 10 to 12 have been drawn for the ideal case in which 
the resistance in series with the thermistor is zero and in which no tempera- 
ture limitations have been considered. 


This follows since W = C(T — 
As B decreases, V,, occurs at increasingly higher powers or temperatures 






For B = 0 these two are identical 


7 


In any actual case there is always 




















RSC 





evade edi 


dS el ASN al ne Ro ENA ti Dear: 





y other 
ifferent 
> Curves 
y ot r 
wes I 
for low 
— 
J 

Sa 
mand) 
, | 
) | 
7 
\ 


10 


equation 
he figure 


lentica! 
nces in 
es have 
ers and 
ey 
ratures 


n which 
empera- 
s always 








ARE SRA LGR EA REE R tS Paha oE 


PROPERTIES AND USES OF THERMISTORS 187 


me unavoidable small resistance, such as that of the leads, in series with 
ie thermistor and hence the parts of the curves corresponding to low re- 
stances may not be observable. Also at high powers the temperature may 
ittain such values that something in the thermistor structure will go to 
pieces thus limiting the range of observation. These unobservable ranges 
have been indicated by dashed lines in Fig. 12. The exact location of the 
dashed portions will of course depend on how a completed thermistor is con- 
structed. In setting these limits consideration is given to temperature limi- 
tations beyond which aging effects might become too great. 
The curves in Figs. 9 to 12 have been computed on the basis of the follow- 
ing equations: 
B'T B/T , 
R=Re me V/I 10 
W = C(T — Ty) = VI 11) 
For these curves the constants Ry , [> , B, and C are specified. The values 
of temperature, 7,, , power, HV’, , resistance, R,, , voltage, V,, , and current, 
I, , that prevail at the maximum in the voltage current curve are given 
by the following equations in which 7,, is chosen as the independent param- 
eter. By differentiating equations (10) and (11) with respect to J, putting 
the derivatives equal to zero, one obtains 
Tm = B(Tm — To) (12) 
whose solution is 
T. = (B/2) (1 F V1 — 47¢/B). 13) 
The minus sign pertains to the maximum in Figs. 10 to 12 while the plus 


sign pertains to the minimum. Note that 7,, depends only on B and Ty, 
and not on R, Ro or C. From equations (4), (10) and (11) it follows that: 


— am (Tm — To) = 1 (14) 
Wm = C(Tm — To) (15) 
Rm = Roe ™™ 7 = Roe [1 — (Tm — To)/To + 
(1/2){ (Tm — To)/To}? — --- | (16 
Va = (C Ro (Tu — To) (€°™™)]” 
= {{C Ro (Tm — To) €" [1 — (Tm — To)/To + 
(1/2) {(Tm — To)/To}? — --- }}}" (17) 
Im = [((C/Ro) (Tm — To) €7™7*]'” 
= {{(C/Ro) (Tm — To) 1 + (Tm — To)/To + 
(1/2){ (Tm — Te)/Te}? + --- PY" (18) 
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Thus far the presentation has been limited to steady state conditior 
which the power supplied to the thermistor is equal to the power dissi| 


by it, and the temperature remains constant. 


In many cases, howev: 


is important to consider transient conditions when the temperature, 


any quantities which are functions 


of temperature, vary with time 


simple case which will illustrate the concepts and constants involve 
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such problems is as follows: A massive thermistor is heated to about 150 to 


200 degrees centigrade by operating 


it well beyond the peak of its vol 
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Fig. 13.—Cooling characteristic of a massive thermistor: log of temperature above 


ambient versus time. 


current characteristic. 


Te 
aC 


At time ¢ = Q, the circuit is switched over to a con- 


stant current having a value so small that J°R is always negligibly smal! 
The voltage across the thermistor is then followed as a function of time 


From this, the resistance and temperature are computed. 
a plot of log (7 — 7.) versus ¢ for a rod thermistor of Material No. 1 about 
1.2 centimeters long, 0.30 centimeter in diameter and weighing 0.380 gram. 


Figure 13 shows 


In any time interval Af, there are C(T — 7.) At joules being dissipated 
As a result the temperature will decrease by A7' given by 


~HAT = 


C(T — T,) At or (T — 7.) = —(H/C) (QT/Ad) 





(19 
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ere 7] = heat capacity in joules per centigrade degree. The solution of 
is equation is 


(T — T.) = (To — Te’ (20) 
n which 7) = TJ when / = O and 
r= H/C, (21) 


where 7 is in seconds. It is commonly called the time constant. From 
equation (20) it follows that a plot of log (T — 7.) versus ¢ should yield a 
straight line whose slope = —1/2.3037. If H and C vary slightly with 
temperature then 7 will vary slightly with 7 and ¢. The line will not be 
perfectly straight but its slope at any ¢ or (JT — 7.) will yield the appro- 


TABLE I.—VALUES OF C, +, H AS FUNCTIONS OF T FOR A THERMISTOR OF MATERIAL No. | 
spout 1.2 CENTIMETERS LONG, 0.30 CENTIMETERS IN DIAMETER AND WEIGHING 0.380 GRAM 


T, = 24 degrees centigrade 





; Cc i h 

. 7 > tT 7 . oules per g = 

Degrees Centigrade W = c Seconds a : 7 ( ge toy 
44 0.0037 76 0.28 0.75 
64 0.0037 74 0.27 0.72 
84 0.0038 71 0.27 0.71 
104 0.0037 69 0.26 0.68 
124 0.0038 68 0.26 0.67 
144 0.0038 67 0.26 0.67 
164 0.0039 67 0.26 0.69 
184 0.0041 66 0.27 0.71 
204 0.0042 66 0.28 0.73 





priate ror H/C forthat T. As previously described, C can be determined 
from a plot of watts dissipated versus 7. For this thermistor this curve 
became steeper at the higher temperatures so that C increased for higher 
temperatures. Table I summarizes the values of C, 7, and H at various 7 
for the unit in air. 

When a thermistor is heated by passing current through it, conditions 
are somewhat more involved since the /*R power will be a function of time. 
At any time in the heating cycle the heat power liberated will! be equal to 
the watts dissipated or C(T — 7,) plus watts required to raise the tem- 
perature or HdT/dt. The heat power liberated will depend on the circuit 
conditions. Ina circuit like that shown in the upper corner of Figure 14, the 
current varies with time as shown by the six curves for six values of the 
battery voltage E. If a relay in the circuit operates when the current 
reaches a definite value, a considerable range of time delays can be achieved. 
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This family of curves will be modified by changes in ambient temperat) re 
and where rather precise time delays are required, the ambient temperat, re 
must be controlled or compensated. 

Since thermistors cover a wide range in size, shape, and heat conductivity 
of surrounding media, large variations in H, C, and 7 can be produced. 
The time constant can be varied from about one millisecond to about 
minutes or a millionfold. 

One very important property of a thermistor is its aging characteristic 
or how constant the resistance at a given temperature stays with use. To 
obtain a stable thermistor it is necessary to: 1) select only semiconductors 
which are pure electronic conductors; 2) select those which do not change 
chemically when exposed to the atmosphere at elevated temperatures; 





CURRENT IN MILLIAMPERES 





4 6 
TIME IN SECONDS 


Fig. 14.—Current versus time curves for six values of the battery voltage in the circuit 
shown in the insert. 


3) select one which is not sensitive to impurities likely to be encountered in 
manufacture or in use; 4) treat it so that the degree of dispersion of the 
critical impurities is in equilibrium or else that the approach to equilibrium 
is very slow at operating temperatures; 5) make a contact which is intimate, 
sticks tenaciously, has an expansion coefficient compatible with the semi- 
conductor, and is durable in the atmospheres to which it will be exposed; 
6) in some cases, enclose the thermistor in a thin coat of glass or material 
impervious to gases and liquids, the coat having a suitable expansion coefhi- 
cient; 7) preage the unit for several days or weeks at a temperature some- 
what higher than that to which it will be subjected. By taking these pre- 
cautions remarkably good stabilities can be attained. 

Figure 15 shows aging data taken on three-quarter inch diameter discs 
of Materials No. 1 and No. 2 with silver contacts and soldered leads. These 
discs were measured soon after production, were aged in an oven at 105 
degrees centigrade and were periodically tested at 24 degrees centigrade. 
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[he percentage, change in resistance over its initial value is plotted versus 
he logarithm of the time in the aging oven. It is to be noted that most of 
the aging takes place in the first day or week. If these discs were preaged 
for a week or a month and the subsequent change in resistance referred to 
the resistance after preaging, they would age only about 0.2 per cent in one 
year. Ina thermistor thermometer, this change in resistance would cor- 
respond to a temperature change of 0.05 centigrade degree. Thermistors 
mounted in an evacuated tube or coated with a thin laver of glass age even 
less than those shown in the figure. For some applications such high 
stability is not essential and it is not necessary to give the thermistors special 
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Fig. 15.—Aging characteristics of thermistors made of Materials No. 1 and No. 2 
aged in an oven at I65°C. Per cent increase in resistance over its initial value versus 
time on a logarithmic scale. 

Thermistors have been used at higher temperatures with satisfactory aging 
characteristics. Extruded rods of Material No. 1 have been tested for stab- 
ility by treating them for two months at a temperature of 300 degrees 
centigrade. Typical units aged from 0.5 to 1.5 per cent of their initial 
resistance. Similar thermistors have been exposed alternately to tempera- 
tures of 300 degrees centigrade and —75 degrees centigrade for a total of 
700 temperature cycles, each lasting one-half hour. The resistance of typ- 
ical units changed by less than one per cent. 

In some applications of thermistors very small changes in temperature 
produce small changes in potential across the thermistor which then are 
amplified in high gain amplifiers. If at the same time the resistance is 
fluctuating randomly by as little as one part in a million, the potential 


h 


across the thermistor will also fluctuate by a magnitude which will be 
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directly proportional to the current. This fluctuating potential is call 

noise and since it depends on the current it is called current noise. In order 
to obtain the best signal to noise ratio, it is necessary that the current no 
at operating conditions be less than Johnson or thermal noise.”:* To make 
noise-free units it is necessary to pay particular attention to the raw mat 

rials, the degree of sintering, the grain size, the method of making contact 
and any steps in the process which might result in minute surface cracks or 
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THERMISTOR ELEMENT CURRENT IN MILLIAMPERES 

Fig. 16.—Logarithmic plots of voltage versus current for six values of heater curren 
in an indirectly heated thermistor. Resistance and power scales are given on the diag 
onal lines. 

All the thermistors discussed thus far were either directly heated by the 
current passing through them er by changes in ambient temperature. In 
indirectly heated thermistors, the temperature and resistance of the thermis- 
tor are controlled primarily by the power fed into a heater thermally coupled 
to it. One such form might consist of a 0.038 centimeter diameter bead of 
Material No. 2.embedded in.a small cylinder of glass about 0.38 centimeter 
long and 0.076 centimeter in diameter. A small nichrome heater coil hav- 
ing a resistance of 100 ohms is wound on the glass and is fused onto it with 
more glass. Figure 16 shows a plot of log V versus log J for the bead ele- 
ment at various currents through the heater. In this way the bead resist- | 
ance can be changed from 3000 ohms to about 10 ohms. Indirectly heated 
thermistors are ordinarily used where the controlled circuit must be iso- 
lated electrically from the actuating circuit, and where the power from the 
latter must be fed into a constant resistance heater. 
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PART II—USES OF THERMISTORS 

he thermistor, or thermally sensitive resistor, has probably excited more 
interest as a major electric circuit element than any other except the vacuum 
tube in the last decade. Its extreme versatility, small size and ruggedness 
were responsible for its introduction in great numbers into communications 
circuits within five years after its first application in this field. The next 
five year period spanned the war, and saw thermistors widely used in addi- 
tional important applications. The more important of these uses ranged 
from time delays and temperature controls to feed-back amplifier automatic 
gain controls, speech volume limiters and superhigh frequency power meters. 
It is surprising that such versatility can result from a temperature dependent 
resistance characteristic alone. However, this effect produces a very useful 
nonlinear volt-ampere relationship. This, together with the ability to pro- 
duce the sensitive element in a wide variety of shapes and sizes results in 
applications in diverse fields. ,The variables of design are many and inter- 
related, including electrical, thermal and mechanical dimensions. 

The more important uses of thermistors as indication, control and cir- 
cuit elements will be discussed, grouping the uses as they fall under the 
primary characteristics: resistance-temperature, volt-ampere, and current- 
time or dynamic relations. 


RESISTANCE-TEMPERATURE RELATIONS 


It has been pointed out in Part I that the temperature coefficient of elec- 
trical resistance of thermistors is negative and several times that of the or- 
dinary metals at room temperature. In Thermistor Material No. 1, which 
is commonly used, the coefficient at 25 degrees centigrade is —4.4 per cent 
per centigrade degree, or over ten times that of copper, which is +0.39 per 
cent per centigrade degree at the same temperature. Acircuit element made 
of this thermistor material has a resistance at zero degrees centigrade which 
is nine times the resistance of the same element at 50 degrees centigrade. 
For comparison, the resistance of a copper wire at 50 degrees centigrade 
is 1.21 times its value at zero degrees centigrade. 

The resistance-temperature characteristics of thermistors suggest their 
use as sensitive thermometers, as temperature actuated controls and as 
compensators for the effects of varying ambient temperature on other ele- 
ments in electric circuits. 


THERMOMETRY 


The application of thermistors to temperature measurement follows the 
usual principles of resistance thermometry. However, the large value of 
temperature coefficient of thermistors permits a new order of sensitivity to 
be obtained. This and the small size, simplicity and ruggedness of thermis- 
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tors adapt them to a wide variety of temperature measuring applicatic 
When designed for this service, thermistor thermometers have long-ti 
stability which is good for temperatures up to 300 degrees centigrade : 
excellent for more moderate temperatures. A well aged thermistor used 
in precision temperature measurements was found to be within 0.01 ce 

grade degree of its calibration after two months use at various temperatures 
up to 100 degrees centigrade. As development proceeds, the stability of 
thermistor thermometers may be expected to approach that of precision 
platinum thermometers. Conventional bridge or other resistance measuring 
circuits are commonly employed with thermistors. As with any resistance 
thermometer, consideration must be given to keeping the measuring current 
sufficiently small so that it produces no appreciable heating in order that the 


TABLE II.—TEMPERATURE-RESISTANCE CHARACTERISTIC OF A 
TYPICAL THERMISTOR “THERMOMETER 


Temperature Coefficients 


Temperature Resistance 
B @ 
— 25°C. 580,000 ohms 3780 C. deg. —6.1%/ C. deg 
0 145 ,000 3850 5.2 
25 46, 000 3920 —4.4 
50 16,400 3980 —3.8 
75 6,700 4050 —3.3 
100 3, 200 4120 —3.0 
150 830 4260 —2.4 
200 305 4410 —2.0 
275 100 4600 —1.5 
Dissipation constant in still air, approx. 4 milliwatts/C. deg. 
Thermal time constant in still air, approx. 70 seconds 
Dimensions of thermistor, diameter approx. 0.11 inch 
length approx. 0.54 inch 


thermistor resistance shall be dependent upon the ambient temperature 
alone. 

Since thermistors are readily designed for higher resistance values than 
metallic resistance thermometers or thermocouples, lead resistances are 
not ordinarily bothersome. Hence the temperature sensitive element can 
be located remotely from its associated measuring circuit. This permits 
great flexibility in application, such as for instance wire line transmission 
of temperature indications to control points. 

Table IT gives the characteristics of a typical thermistor thermometer. 
The dissipation constant is the ratio of the power input in watts dissipated 
in the thermistor to the resultant temperature rise in centigrade degrees. 
The time constant is the time required for the temperature of the thermistor 
to change 63 per cent of the difference between its initial value and that of 
the surroundings. As a sensitive thermometer, this thermister with a 
simple Wheatstone bridge and a galvanometer whose sensitivity is 2 X 
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10-!° amperes per millimeter per meter will readily indicate a temperatur 
change of 0.0005 centigrade degree. For comparison a precision platinu: 
resistance thermometer and the required special bridge such as the Muell« 
will indicate a minimum change of 0.003 centigrade degree with a simil: 
galvanometer. 

Several thermistors which have been used for thermometry are shown i 
Fig. 17. Included in the group are types which are suited to such divers: 
applications as intravenous blood thermometry and supercharger rotor 
temperature measurement. In Fig. 17, A is a tiny bead with a response 
time of less than a second inair. Bisa probe type unit for use in air streams 
or liquids. C is a meteorological thermometer used in automatic radio 
transmission of weather data from free balloons. D is a rod shaped unit. 
E is a disc or pellet, adapted for use in a metal thermometer bulb. Discs 
like the one shown have been sweated to metal plates to vive a low thermal 
impedance connection to the object whose temperatui¢ :s tv be determined. 
F is a large disc with an enveloping paint finish for use in humid surround- 
ings. The characteristics of these types are given in Table III. 

The temperature of objects which are inaccessib!*, .» motion, or too hot 
for contact thermometry can be determined }y ,eriitting radiation from 
the object to be focussed on a suitable thermistor by means of an elliptical 
mirror. Such a thermistor may take the form of a thin flake attached to a 
solid support. Its advantages compared with the thermopile and resistance 
bolometer are its more favorable resistance value, its ruggedness, and its 
high temperature coefficient of resistance. It can be made small to reduce 
its heat capacity so as rapidly to follow changing temperatures. Flake 
thermistors have been made with time constants from one millisecond to 
one second. Since the amount of radiant power falling on the thermistor 
may be quite small, sensitive meters or vacuum tube amplifiers are required 
to measure the small changes in the flake resistance. Where rapidly vary- 
ing temperatures are not involved, thermistors with longer time constants 
and simpler circuit equipments can be utilized. 


TEMPERATURE CONTROL 


The use of thermistors for temperature control purposes is related closely 
to their application as temperature measuring devices. In the ideal tem- 
perature sensitive control element, sensitivity to temperature change should 
be high and the resistance value at the control temperature should be the 
proper value for the control circuit used. Also the temperature rise of the 
control element due to circuit heating should be low, and the stability of 
calibration should be good. The size and shape of the sensitive element are 
dictated by several factors such as the space available, the required speed 
of response to temperature changes andthe amount of power which must 
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be dissipated in the element by the control circuit to permit the arrange- 
ment to operate relays, motors or valves. 
Because of their high temperature sensitivity, thermistors have shown 


much promise as control elements. 


Their adaptability and their stability 


at relatively high temperatures led, for instance, to an aircraft engine con- 


trol system using a rod-shaped thermistor as the control element.® 


Max. Permissible Temp., °C.. 


Dissipation Constant, C, 
mw/C. deg. 
| 
Still water. 


Thermal Time Constant, 
Seconds 
| ae 
Still water 


Shape. . 


Dimensions, Inches 
Diameter or Width 
Length or Thickness (less 

leads)... 


Nominal Resistance, Ohms at 
a 


a a oe 
— aa 87 , 500 
, 000 325,000 | 37,500 
000 100,000 | 18,000 
900 | 33,000} 9,700 | 
460 13,000 | 5,500 
250 6,000 3,700 
95 | 1,600) — 
_— 500 | om 
ecm 80 | a= 
—3.4| —4.4 | —2.8 
150 300 100 
0.1 1 7 
se 7 a 
1 30 25 
— 4 ones 
Bead Probe Rod 
0.015 0.1 0.05 


0.02 0.6 1.2 


TABLE III.—THERMISTOR THERMOMETERS 


D 


610,000 
153,000 
48, 500 


17, 300 
7,100 
3,400 

870 


Rod 


0.15 


0.7 


490 
175 
71 
32 
16 


Disc 


0.2 


0.1 


The 


13,000 
3,200 
950 
340 
145 
70 


20 


Disc 


0.56 


0.31 


thermistor, mounted in a standard one-quarter inch diameter temperature 


bulb assembly, operated at approximately 275 degrees centigrade. 


It was 


associated with a differential relay and control motor on the aircraft 28 


volt d-c system. 


The power dissipation in the thermistor was two watts. 


The resistance of a typical thermistor under these high temperature con- 


ditions remained within + 1.5 per cent over a period of months. 


This 


corresponds to about + one centigrade degree variation in calibration. 
Several other related designs were developed using the same control system 
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with other thermistors designed for both higher and lower temperatur 
operation. In the lower temperature applications, typical thermistor 
maintained their calibrations within a few tenths of a centigrade degre: 
In general, electron tube control circuits dissipate less power in the the 
mistor than relay circuits do. This results in less temperature rise in t! 
thermistor and leads to a more accurate control. While the average val 
of this temperature rise can be allowed for in the design, the variatio1 
in different installations require individual calibration to correct the errors 
if they are large. The corrections may be different as a result of variations 
of the thermal conductivity of the surrounding media from time to time « 
from one installation to another. The greater the power dissipated in th 
thermistor the greater the absolute error in the control temperature for 
given change in thermal conductivity. This follows from the relation 


AT = W/C (22 


where AT is the temperature rise, W is the power dissipated and C is the dis- 
sipation constant which depends on thermal coupling to the surroundings 
For the same reason, the temperature indicated by a resistance {hermometer 
immersed in an agitated medium will depend on the rate of flow if the tem- 
perature sensitive element is operated several degrees hotter than its sur- 
roundings. 

The design of a thermistor for a ventilating duct thermostat might pro- 
ceed as follows as far as temperature rise is concerned: 

1. Determine the power dissipation. This depends upon the circuit 
selected and the required overall sensitivity. 

2. Estimate the permissible temperature rise of the thermistor, set by the 
expected variation in air speed and the required temperature control accur- 
acy. 

3. Solve Equation (22) for the dissipation constant and select a thermistor 
of appropriate design and size for this constant in the nominal air speed 
Where more than one style of thermistor is available, the required time 
constant will determine the choice. 


COMPENSATORS 


It is a natural and obvious application of thermistors to use them to com- 
pensate for changes in resistance of electrical circuits caused by ambient 
temperature variations. A simple example is the compensation of a copper 
wire line, the resistance of which increases approximately 0.4 per cent per 
centigrade degree. A thermistor having approximately one-tenth the 
resistance of the copper, with a temperature coefficient of —4 per cent per 
centigrade degree placed in series with the line and subjected to the same 
ambient temperature, would serve to compensate it over a narrow tempera- 
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irerange. In practice however, the compensating thermistor is associated 
vith parallel and sometimey series resistance, so that the combination gives 
, change in resistance closely equal and opposite to that of the circuit to be 
ompensated over a wide range of temperatures. See Fig. 18. 
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Fig. 18.—Temperature compensation of a copper conductor by means of a thermistor 
network. 

A copper winding having a resistance of 1000 ohms at 25 degrees centi- 
grade can be compensated by means of a thermistor of 566 ohms at 25 
degrees centigrade in parallel with an ohmic resistance of 445 ohms as shown 
in Fig. 18. The winding with compensator has a resistance of 1250 ohms 
constant to + 1.6 per cent over the temperature range — 25 degrees centi- 
grade to +75 degrees centigrade. Over this range the copper alone varies 
from 807.5 ohms to 1192.5 ohms, or + 19 per cent about the mean. The 
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total resistance of the circuit has been increased only 6.1 per cent at | 
upper temperature limit by the addition of a compensator. This incre: 
is small because of the high temperature coefficient of the compensat 
thermistor. The characteristics of such a thermistor are so stable that : 
resistance would remain constant within less than one per cent for ten ye 

if maintained at any temperature up to about 100 degrees centigra 
Figure 15 shows aging characteristics for typical thermistors suitable | 
use in compensators. These curves include the change which occurs duri 
the seasoning period of several days at the factory, so that the aging in us: 
is a fraction of the total shown. 

In many circuits which need to function to close tolerances under wide 
ambient temperature variation, the values of one or more circuit elemen| 
may vary undesirably with temperature. Frequently the resultant overal| 
variation with temperature can be reduced by the insertion of a simple the 
mistor placed at an appropriate point in the circuit. This is particularly 
true if the circuit contains vacuum tube amplifiers. In this manner fre- 
quency and gain shifts in communications circuits have been cancelled and 
temperature errors prevented in the operation of devices such as electric 
meters. The change in inductance of a coil due to the variation of magnetic 
characteristics of the core material with temperature has been prevented by 
partially saturating the coil with direct current, the magnitude of which is 
directly controlled by the resistance of a thermistor imbedded in the core. 
In this way the amount of d-c magnetic flux is adjusted by the thermistor 
so that the inductance of the coil is independent of temperature. 

In designing a compensator, care must be taken to ensure exposure of the 
thermistor to the temperature affecting the element to be compensated 
Power dissipation in the thermistor must be considered and either limited to 
a value which will not produce a significant rise in temperature above am- 
bient, or offset in the design. 


“ 


J 


—t 


VoLtT-AMPERE CHARACTERISTICS 


The nonlinear shape of the static characteristic relating voltage, current, 
resistance and power for a typical thermistor was illustrated by Fig. 9 
The part of the curve to the right of the voltage maximum has a negative 
slope, applicable in a large number of ways in electric circuits. The par- 
ticular characteristic shown begins with a resistance of approximately 50,000 
ohms at low power. Additional power dissipation raises the temperature 
of the thermistor element and decreases its resistance. At the voltage 
maximum the resistance is reduced to about one-third its cold value, or 
17,000 ohms, and the dissipation is 13 milliwatts. The resistance becomes 
approximately 300 ohms when the dissipation is 100 milliwatts. Such 
resistance-power characteristics have resulted in the use of thermistors as 
sensitive power measuring devices, and as automatically variable resistances 
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for such applications as output amplitude controls for oscillators and am- 
plifiers. Their nonlinear characteristics also fit thermistors for use as volt- 
age regulators, volume controls, expandors, contactless switches and remote 
control devices. To permit their use in these applications for d-c as well as 
a-c circuits, nenpolarizing semiconductors alone are employed in thermistors 
with the exception of two early types. 


POWER METER 


Thermistors have been used very extensively in the ultra and superhigh 
frequency ranges in test sets as power measuring elements. The particular 
advantages of thermistors for this use are that they can be made small in 
size, have a small electrical capacity, can be severely overloaded without 








Fig. 19.—Power measuring thermistors with different sized beads. 


change in calibration, and can easily be calibrated with direct-current or 
low-frequency power. For this application the thermistor is used as a power 
absorbing terminating resistance in the transmission line, which may be of 
Lecher, coaxial or wave-guide form. Methods of mounting have been 
worked out which reduce the reflection of high frequency energy from the 
termination to negligible values and assure accurate measurement of the 
power over broad bands in the frequency spectrum. Conventionally, the 
thermistor is operated as one arm of a Wheatstone bridge, and is biased with 
low frequency or d-c energy to a selected operating resistance value, for 
instance 125 or 250 ohms in the absence of the power to be measured. The 
application of the power to be measured further decreases the thermistor 
resistance, the bridge becomes unbalanced and a deflection is obtained on 
the bridge meter. A full scale power indication of one milliwatt is customary 
for the test set described, although values from 0.1 milliwatt to 200 milli- 
watts have been employed using thermistors with different sized beads as 
shown in Fig. 19. 
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Continuous operation tests of these thermistors indicate very satisfactor 
stability with an indefinitely long life. A group of eight power meter ther 
mistors, normally operated at 10 milliwatts and having a maximum ratin 
of 20 milliwatts, were operated for over 3000 hours at a power input of 3() 
milliwatts. During this time the room temperature resistance remaine 
within 1.5 per cent of its initial value, and the power sensitivity, which is the 
significant characteristic, changed by less than 0.5 per cent. 

When power measuring test sets are intended for use with wide ambient 
temperature variations, it is necessary to temperature compensate the ther- 
mistor. This is accomplished conventionally by the introduction of two 
other thermistors into the bridge circuit. These units are designed to be 
insensitive to bridge currents but responsive to ambient temperature. One 
of the compensators maintains the zero point and the other helds the meter 
scale calibration independent of the effect of temperature change on the 
measuring thermistor characteristics. 


AUTOMATIC OSCILLATOR AMPLITUDE CONTROL 


Meacham,” and Shepherd and Wise" have described the use of thermis- 
tors to provide an effective method of amplitude stabilization of both low 
and high frequency oscillators. These circuits oscillate because of positive 
feedback around the vacuum tube. ‘The feedback circuit is a bridge with 
at least one arm containing a thermistor which is heated by the oscillator 
output. Through this arrangement, the feedback depends in phase and 
magnitude upon the output, and there is one value of thermistor resistance 
which if attained would balance the bridge and cause the oscillation ampli 
tude to vanish. Obviously this condition can never be exactly attained, 
and the operating point is just enough different to keep the bridge slightly 
unbalanced and produce a predetermined steady value of oscillation output. 
Such oscillators in which the amplitude is determined by thermistor non- 
linearity have manifold advantages over those whose amplitude is limited 
by vacuum tube nonlinearity. The harmonic content in the output is 
smaller, and the performance is much less dependent upon the individual! 
vacuum tube and upon variations of the supply voltages. It is necessary 
that the thermal inertia of the thermistor be sufficient to prevent it from 
varying in resistance at the oscillation frequency. This is easily satisfied 
for all frequencies down to a small fraction of a cycle per second. Figure 20 
shows a thermistor frequently used for oscillator control together with its 
static electrical characteristic. This thermistor is satisfactory in oscillators 
for frequencies above approximately 100 cycles per second. Similar types 
have been developed with response characteristics suited to lower frequencies 
and for other resistance values and powers. 
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Where the ambient temperature sensitivity of the thermistor is dis 
lvantageous in oscillator controls, the thermistor can be compe nsated by 
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CURRENT IN MILLIAMPERES 
Fig. 20B.—Steady state characteristics of amplitude control thermistor shown in 
Figure 20A. 


thermostating it with a heater and compensating thermistor network, as 
shown in Fig. 21. 


AMPLIFIER AUTOMATIC GAIN CONTROI 


Since the resistance of a thermistor of suitable design varies markedly 
with the power dissipated in it or in a closely associated heater, such ther- 
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mistors have proven to be very valuable as automatic gain controls, . 
pecially for use with negative feedback amplifiers. This arrangement his 
seen extensive use in wire communication circuits for transmission le, 
regulation, and has been described in some detail elsewhere.': '. '4 
one form, a directly heated thermistor is connected into the feedback cir, 

of the amplifier in such a way that the amount of feedback voltage is varie« 
to compensate for any change in the output signal. By this arrangement 
the gain of each amplifier in the transmission system is continually adjusted 
to correct for variations in overall loss due to weather conditions and other 
factors, so that constant transmission is obtained over the channel at 
times. In the Type K2 carrier system now in extensive use, the systen 
gain is regulated principally in this way. In this system the transmissio. 
loss variations due to temperature are not the same in all parts of the pass 
band. The loss is corrected at certain repeater points along the transmissio: 
line by two additional thermistor gain controls: slope, proportional to fre- 


HEATER TYPE 
/THERMISTOR 









CONSTANT, TO 
CURRENT CONTROLLED 
SOURCE CIRCUIT 


HEATER THERMISTOR 


DISC 
THERMISTOR 


Fig. 21.—Circuit employing an auxiliary disc thermistor to compensate for effect oi 
varying ambient temperature on a control thermistor. 


quency, and bulge, with a maximum at one frequency. These thermistors 
are indirectly heated, with their heaters actuated by energy dependent upor 
the amplitude of the separate pilot carriers which are introduced at the send- 
ing end for the purpose. 

In this type of application, the thermistor will react to the ambient tem- 
perature to which it is exposed, as well as to the current passing through it 
Where this is important, the reaction to ambient temperature can be elimi- 
nated by the use of a heater type thermistor as shown in Fig. 21. The 
heater is connected to an auxiliary circuit containing a temperature com- 
pensating thermistor. This circuit is so arranged that the power fed into 
the heater of the gain control thermistor is just sufficient at any ambient 
temperature to give a controlled and constant value of temperature in the 
vicinity of the gain control thermistor element. 

Another interesting form of thermistor gain control utilizes a heater 
type thermistor, with the heater driven by the output of the amplifier and 
with the thermistor element in the input circuit, as shown in Fig. 22. In 
this arrangement the feedback is accomplished by thermal, rather tha: 
electrical coupling. A broad-band carrier system, Type L1, is regulated 
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with this type of thermistor. In this system a pilot frequency is supplied, 
and current of this frequency, selected by a network in the regulator, actu- 
ates the heater of the thermistor to give smooth, continuous gain control. 
By utilizing a heater thermistor of different characteristics, the circuit 
and load of Fig. 22 may be given protection against overloads. In this 
application the sensitivity and element resistance of the thermistor are 
chosen so that the thermistor element forms a shunt of high resistance 
value so as to have negligible effect on the amplifier for any normal value of 
output. However, if the output power rises to an abnormal level, the 
thermistor element becomes heated and reduced in resistance. ‘This 
shunts the input to the amplifier and thus limits the output. Choice of a 
thermistor having a suitable time constant permits the onset of the limiting 
effect to be delayed for any period from about a second to a few minutes 
ae —f iat 
> | | AMPLIFIER | | SLOAD 
ia —— a P 
| 


{aw 





THERMISTOR HEATER 
HEATER TYPE THERMISTOR 


Fig. 22.—Thermal feedback circuit for gain control purposes. This arrangement has 
also been used as a protective circuit for overloads. 


KEGULATORS AND LIMITERS 


A group of related applications for thermistors depends on their steady 
state nonlinear volt-ampere characteristic. These are the voltage regulator, 
the speech volume limiter, the compressor and the expandor. The com- 
pressor and expandor are devices for altering the range of signal amplitudes. 
The compressor functions to reduce the range, while the expandor increases 
it. In Fig. 23, Curve 1 is a typical thermistor static characteristic having 
negative slope to the right of the voltage maximum. Curve 2 is the charac- 
teristic of an ohmic resistance R having an equal but positive slope. Curve 
3 is the characteristic obtained if the thermistor and resistor are placed 
in series. It has an extensive segment where the voltage is almost inde- 
pendent of the current. This is the condition for a voltage regulator or 
limiter. Ifa larger value of resistance is used, as in Curve 4, its combination 
with the thermistor in series results in Curve 5, the compressor. In these 
uses the thermistor regulator is in shunt with the load resistance, so that 
in the circuit diagram of Fig. 23, 


E= E, = Ey —~ IRs. (23) 


Here E is the voltage across the thermistor and resistor R, E, is the output 
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voltage, and E,;, J and Rg are respectively the input voltage, current a: 
resistance. 
If the thermistor and associated resistor are placed in series between t 
generator and load resistance, an expandor is obtained, and 
Eo = EE; — E. (2 
As the resistance R in series with the thermistor is increased, the degree 
expansion is decreased and vice versa. 


{ 





me aaa - c- 2 
CURRENT IN MILLIAMPERES 


Fig. 23.—Characteristics of a simple thermistor voltage regulator, limiter or com- 
pressor Circuit. 


The treatment thus far in this section assumes that change of operating 
point occurs slowly enough to follow along the static curves. For a suffi- 
ciently rapid change of the operating point, the latter departs from the stati 
curve and tends to progress along an ohmic resistance line intersecting the 
static curve. For sufficiently rapid fluctuations; control action may then 
be derived from the resistance changes resulting from the r.m.s. power dis- 
sipated in the thermistor unit. In speech volume limiters, the thermistor 
is designed for a speed of response that will produce limiting action for the 
changes in volume which are syllabic in frequency or slower, and that will 
not follow the more rapid speech fluctuations with resulting change in wave 
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hape or nonlinear distortion. Speech volume limiters of this type can ac- 
ommodate large volume changes without producing wave form distor- 


sion 2815 


REMOTE CONTROL SWICHES 


The contactless switch and rheostat are natural extensions of the uses 
ust discussed. The thermistor is used as an element in the circuit which is 
to be controlled, while the thermistor resistance value is in turn dependent 
upon the energy dissipated directly or indirectly in it by the controlling cir- 
cuit. By taking advantage of the nonlinearity of the static volt-ampere 
characteristic, it is possible to provide snap and lock-in action in some 
applications. 


MANOMETER 


Several interesting and useful applications such as vacuum gauges, gas 
analyzers, flowmeters, thermal conductivity meters and liquid level gauges 
of high sensitivity and low operating temperature are based upon the 
physical principle that the dissipation constant of the thermistor depends 
on the thermal conductivity of the medium in which it is immersed. As 
shown in Fig. 10, a change in this constant shifts the position of the static 
characteristic with respect to the axes. In these applications, the unde- 
sired response of the thermistor to the ambient temperature of the medium 
can in many cases be eliminated or reduced by introducing a second thermis- 
tor of similar characteristics into the measuring circuit. The compensating 
thermistor is subjected to the same ambient temperature, but is shielded 
from the effect being measured, such asgaspressureor flow. The twotherm- 
istors can be connected into adjacent arms of a Wheatstone bridge which 
is balanced when the test effect is zero and becomes unbalanced when the 
effective thermal conductivity of the medium is increased. In gas flow 
measurements, the minimum measurable velocity is limited, as in all ‘hot 
wire” devices, by the convection currents produced by the heated thermistor. 

The vacuum gauge or manometer which is typical of these applications 
will be described somewhat in detail. The sensitive element of the thermis- 
tor manometer is a small glass coated bead 0.02 inch in diameter, suspended 
by two fine wire leads in a tubular bulb for attachment to the chamber whose 
gas pressure is to be measured. The volt-ampere characteristics of a typical 
laboratory model manometer are shown in Fig. 24 for air at several absolute 
pressures from 10~* millimeters of mercury to atmospheric. The operating 
point is in general to the right of the peak of these curves. Electrically 
this element is connected into a unity ratio arm Wheatstone bridge with a 
similar but evacuated thermistor in an adjacent arm as shown in the circuit 
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schematic of Fig. 25. The air pressure calibration for such a manometer is 
also shown. The characteristic will be shifted when a gas is used having a 
thermal conductivity different from that of air. Such a manometer has 
been found to be best suited for the measurement of pressures from 1|()- 
to 10 millimeters of mercury. The lower pressure limit is set by prac 
considerations such as meter sensitivity and the ability to maintain the zer 
setting for reasonable periods of time in the presence of the variations ; 
supply voltage and ambient temperature. The upper pressure measure- 
ment limit is caused by the onset of saturation in the bridge unbalance 
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Fig. 24.—Characteristics of a typical thermistor manometer tube, showing the effect 
of gas pressure on the volt-ampere and resistance-power relations. 


voltage versus pressure characteristic at high pressures. This is basically 
because the mean free path of the gas molecules becomes short compared 
with the distance between the thermistor bead and the inner surface of the 
manometer bulb, so that the cooling effect becomes nearly independent of 
the pressure. 

The thermistor manometer is specially advantageous for use in gases 
which may be decomposed thermally. For this type of use, the thermistor 
element temperature can be limited to a rise of 30 centigrade degrees or 
less above ambient temperature. For ordinary applications, however, a 
temperature rise up to approximately 200 centigrade degrees in vacuum 
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permits measurement over wider ranges of pressure. Special models have 
also been made for use in corrosive gases. These expose only glass and plati- 
num alloy to the gas under test. 


Trinc DEVICES 


The numerically greatest application for thermistors in the communication 
field has been for time delay purposes. The physical basis for this use has 
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Fig. 25.—Operating circuit and calibration for a vacuum gauge utilizing the thermistor 
of Figure 24. 


been discussed in Part I for the case of a directly heated thermistor placed 
in series with a voltage source and a load to delay the current rise after 


| circuit closure. This type of operation will be termed the power driven 


time delay. 
By the use of a thermistor suited to the circuit and operating conditions, 
power driven time delays can be produced from a few milliseconds to the 


) order of a few minutes. Thermistors of this sort have the advantage of 


small size, light weight, ruggedness, indefinitely long life and absence of 
contacts, moving parts, or pneumatic orifices which require maintenance 
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care. Power driven time delay thermistors ure best fitted for applicatio:s 
where close limits on the time interval are: not required. In some co 
munications uses it is satisfactory to permit a six to one ratio between mi 
mum and minimum times as a result of the simultaneous variation from 
nominal values of all the following factors which affect the delay: operating 
voltage + 5 per cent; ambient temperature 20 degrees centigrade to 4() 
degrees centigrade; operating current of the relay + 25 per cent; relay 
resistance + 5 per cent; and thermistor variations such as occur from 
unit to unit of the same type. 

After a timing operation a power driven time delay thermistor should bz 
allowed time to cool before a second operation. If this is not done, the 
second timing interval will be shorter than the first. The cooling period 
depends on particular circuit conditions and details of thermistor design, 
but generally is several times the working time delay. In telephone relay 
circuits requiring a timing operation soon after previous use, the thermistor 
usually is connected so that it is short circuited by the relay contacts at the 
close of the working time delay interval. This permits the thermistor to 
coo] during the period when the relay is locked up. If this pericd is suffi- 
ciently long, the thermistor is available for use as soon as the relay drops 
out. Time delay thermistors have been operated more than half a million 
times on life test with no significant change in their timing action. 

To avoid the limitations of wide timing interval limits and extended cool- 
ing period between operations usually associated with the power driven time 
delay thermistor, a cooling time delay method of operation has been used. 
In this arrangement, two relays or the equivalent are employed and the 
thermistor is heated to a low resistance-value by passing a relatively large 
current through it for an interval short compared with the desired time 
interval. The current then is reduced automatically to a lower value and 
the thermistor cools until its resistance increases enough to reduce the cur- 
rent further and trip the working relay. This part of the operating cycle 
accounts for the greater part of the desired time interval. With this ar- 
rangement, the thermistor is available for re-use immediately after a com- 
pleted timing interval, or, as a matter of fact, after any part ofit. By proper 
choice of operating currents and circuit values, wide variations of voltage 
and ambient temperature may occur with relatively little effect upon the 
time interval. The principal variable left is the cooling time of the thermis- 
tor itself. This is fixed in a given thermistor unit, but may vary from unit 
to unit, depending upon dissipation constant and thermal capacity, as 
pointed out above. 

In addition to their use as definite time delay devices, thermistors have 
been used in several related applications. Surges can be prevented from 
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perating relays or disiurbing sensitive apparatus by introducing a ther- 

mistor in series with the circuit component which is to be protected. In 
case of a surge, the high initial resistance of the thermistor holds the surge 
current to a low value provided that the surge does not persist long enough 
to overcome the thermal inertia of the thermistor. The normal operating 
voltage, on the other hand, is applied long enough to lower the thermistor 


| resistance to a negligible value, so that a normal operating current will flow 


after a short interval. In this way, the thermistor enables the circuit to 
distinguish between an undesired signal of short duration and a desired 
signal of longer duration even though the undesired impulse is several times 
higher in voltage than the signal. 


OSCILLATORS, MODULATORS AND AMPLIFIERS 


A group of applications already explored in the laboratory but not put into 
engineering use includes oscillators, modulators and amplifiers for the low 
and audio-frequercy range. If a thermistor is biased at a point on the 
negative slope portion of the steady-state volt-ampere characteristic, and 
if a small alternating voltage is then superposed on the direct voltage, a 
small alternating current will flow. If the thermistor has a small time con- 
stant, r, and if the applied frequency is low enough, the alternating volt- 
ampere characteristic will follow the steady-state curve and dV/dJ will be 
negative. As the frequency of the applied a-c voltage is increased, the 








value of the negative resistance decreases. At some critical frequency, 
f-, the resistance is zero and the curreat is 90 degrees out of phase with 
the voltage. In the neighborhood of f. , the thermistor acts like an induc- 
tance whose value is of the order of a heary. As the frequency is increas’ 
beyor.d f., the resistance is positive and increases steadily until it appro 

» es tHe d-c value when the curreat and voltage are in phase. Thecr I 
frequer.cy is given approximately by 


4 fe = 1/2r. 





If + can be made as small as 5 X 10° seconds, f. is equal to 10,000 
cycles per second and the thermistor would have an approximately 
constant negative resistance up to half this frequency. Point contact 
thermistors having such critical frequencies or even higher have been 
made in a number of laboratories. However, none of them have been 
made with sufficient reproducibility and constancy to be useful to the 
engineer. It has been shown both theoretically and experimentally that 
any negative resistance device can be used as an oscillator, a modulator, or 
| anamplifier. With further development, it seems probable that thermistors 
| will be used in these fields, 
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SUMMARY 


The general principles of thermistor operation and examples of specific 
uses have been given to facilitate a better understanding of them, with the 
feeling that such an understanding will be the basis for increased use of this 
new circuit and control element in technology. 
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Abstracts of Technical Articles by Bell System Authors 


Capacitors—Their Use in Electronic Circuits. M. BRoTHERTON. This 
book tells how to choose and use capacitors for electronic circuits. It ex- 
plains the basic factors which control the characteristics of capacitors and 
determine their proper operation. It helps to provide that broad under- 
standing of the capacitor problem which is indispensable to the efficient 
design of circuits. It tells the circuit designer what he must understand 
and consider in transforming capacitance from a circuit symbol into a practi- 
cal item of apparatus capable of meeting the growing severity of today’s 
operation requirements. 


Mica Capacitors for Carrier Telephone Systems2 A. J. CHRISTOPHER 
AND J. A. Kater. Silvered mica capacitors, because of their inherently 
high capacitance stability with temperature changes and with age, now are 
used widely in oscillators, networks, and other frequency determining 
circuits in the Bell Telephone System. Their use in place of the previous 
dry stack type, consisting of alternate layers of mica and foil clamped 
under high pressures, has made possible considerable manufacturing econ- 
omies in addition to improving the transmission performance of carrier 
telephone circuits. These economies are the result of their relatively simple 
unit construction and the ease of adjustment to the very close capacitance. 
tolerance required. 


Visible Speech Translators with External Phosphors.’ Homer DupDLEeyY 
AND OTTO O. GRUENZ, JR. This paper describes some experimental ap- 
paratus built to give a passing display of visible speech patterns. These 
patterns show the analysis of speech on an intensity-frequency-time basis 


; and move past the reader like a printed line. The apparatus has been 


called a translator as it converts speech intended for aural perception into a 
form suitable for visual prception. The phosphor employed is not in a 
cathode-ray tube but in the open on a belt or drum. 


The Pitch, Loudness and Quality of Musical Tones (A demonstration- 
lecture introducing the new Tone Synthesizer). HARVEY FLETCHER. Re- 
lations are given in this paper which show how the pitch of a musical tone 

‘Published by D. Van Nostrand Company, Inc., New York, N. Y., 1946 

2 Elec. Engg., Transactions Section, October 1946. 


> Jour. Acous. Soc. Amer., July 1946. 
‘Amer. Jour. of Physics, July-August 1946. 
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depends upon the frequency, the intensity and the overtone structure of the 
sound wave transmitting the tone. Similar relations are also given which 
show how the loudness and the quality depend upon these same three 
physical characteristics of the sound wave. These relationships were <ie- 
monstrated by using the new Tone Synthesizer. By means of this in- 
strument one is able to imitate the quality, pitch and intensity of any musi- 
cal tone and also to produce many combinations which are not now used in 
music. 


The Sound Spectrograph.® W. Korenic, H. K. Dunn, AnD L. Y. Lacy. 
The sound spectrograph is a wave analyzer which produces a permanent 
visual record showing the distribution of energy in both frequency and time. 
This paper describes the operation of this device, and shows the mechanical 
arrangements and the electrical circuits in a particular model. Some of 
the problems encountered in this type of analysis are discussed, particularly 
those arising from the necessity for handling and portraying a wide range of 
component levels in a complex wave such as speech. Spectrograms are 
shown for a wide variety of sounds, including voice sounds, animal and bird 
sounds, music, frequency modulations, and miscellaneous familiar sounds. 


Geometrical Characterizations of Some Families of Dynamical Trajectories. 
L. A. MacCo.t. A broad problem in differential geometry is that of 
characterizing, by a set of geometrical properties, the family of curves which 
is defined by a given system of differential equations, of a more or less 
special form. The problem has been studied especially by Kasner and his 
students, and characterizations have been obtained for various families of 
curves which are of geometrical or physical importance. However, the 
interesting problem of characterizing the family of trajectories of an electri- 
fied particle moving in a static magnetic field does not seem to have been 
considered heretofore. The present paper gives the principal results of a 
study of this problem. 


Visible Speech Cathode-Ray Translator.’ R.R. Riesz ANDL.Scuott. A 
system has been developed whereby speech analysis patterns are made 
continuously visible on the moving luminescent screen of a special cathode- 
ray tube. The screen is a cylindrical band that rotates with the tube about 
a vertical axis. The electron beam always excites the screen in the same 
vertical plane. Because of the persistence of the screen phosphor and the 
rotation of the tube, the impressed patterns are spread out along a horizon- 

5 Jour. Acous. Soc. Amer., July 1946. 


6 Amer. Math. Soc. Transactions, July 1946. 
7 Jour. Acous. Soc. Amer., July 1946. 
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al time axis so that speech over an interval of a second or more is always 
visible. The upper portion of the screen portrays a spectrum analysis end 
the lower portion a pitch analysis of the speech sounds. The frequency 
band up to 3500 cycles is divided into 12 contiguous sub-bands by filters. 
The average speech energy in the sub-bands is scanned and made to control 
the excitation of the screen by the electron beam which is swept synchro- 
nously across the screen in the vertical direction. A pitch analyzer pro- 
duces a d-c. voltage proportional to the instantaneous fundamental fre- 
quency of the speech and this controls the width of a band of luminescence 
that the electron beam produces in the lower part of the screen. The 
translator had been used in a training program to study the readability 
of visible speech patterns. 


Derivatives of Composite Functions.’ JouN Riordan. The object of 
this note is to show the relation of the Y polynomials of E. T. Bell, first to 
the formula of DiBruno for the nth derivative of a function of a function, 
then to the more general case of a function of many functions. The sub- 
ject belongs to the algebra of analysis in the sense of Menger; all that is 
asked is the relation of the derivative of the composite function to the 
derivatives of its component functions when they exist and no questions of 
analysis are examined. 


The Portrayal of Visible Speech. J. C. STEINBERG AND N. R. FRENCH. 
This paper discusses the objectives and requirements in the protrayal of 
visible patterns of speech from the viewpoint of their effects on the legibility 
of the patterns. The portrayal involves an intensity-frequency-time analy- 
sis of speech and the display of the results of the analysis to the eye. 
Procedures for accomplishing this are discussed in relation to information 
on the reading of print and on the characteristics of speech and its inter- 
pretation by the ear. Also methods of evaluating the legibility of the 
visible patterns are described. 


Short Survey of Japanese Radar—I.° RoceR I. Witktnson. The 
result of a study made immediately following the fall of Japan and recently 
made available for public information, this two-part report is designed to 
present a quick over-all evaluation of Japanese radar, its history and de- 
velopment. As the Japanese army and navy developed their radar equip 
ment independently of each other, Part I of this article concentrates on the 
army s contributions. 

*Amer. Math. Soc. Bulletin, August 1946. 


* Jour. Acous. Soc. Amer., July 1946. 
10 Elec. Engg., Aug.-Sept. 1946. 
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A Variation on the Gain Fermula for Feedback Amlifiers for a Certai: 
Driving-Impedance Configuration... T. W. WINTERNITz. An expressi: 
for the gain of a feedback amplifier, in which the source impedance is t 
only significant impedance across which the feedback voltage is develope 
is derived. As examples of the use of this expression, it is then applied to 
three common circuits in order to obtain their response to a Heaviside 
unit step-voltage input. 


Proc. I.R.E., September 1946. 
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